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CONVERSION FACTORS AND VERTICAL DATUM

Multiply By To obtain
Metric
acre 4,047 square meter
acre 0.4047 hectare
acre-foot (acre-ft) 1,233 cubic meter
acre-foot (acre-ft) 0.001233 cubic hectometer
acre-foot per year (acre-ft/yr) 1,233 cubic meter per year
cubic foot (ft%) 28.32 cubic decimeter
cubic foot (ft%) 0.02832 cubic meter
cubic foot per second (ft¥/s) 0.02832 cubic meter per second
foot (ft) 0.3048 meter
inch (in). 2.54 centimeter
inch (in.) 254 millimeter
mile (mi) 1.609 kilometer
square foot (ft?) 0.09290 square meter
square mile (mi?) 2.590 square kilometer
Other
cubic foot per second (ft3/s) 1.9835 acre-foot per day

Sea level: In this report, "sea level" refers to the National Geodetic Vertical Datum of 1929 (NGVD
of 1929)--a geodetic datum derived from a general adjustment of the first-order level nets of both the

United States and Canada, formerly called Sea Level Datum of 1929.

Water year: Water year is the 12-month period, October 1 through September 30, and is designated
by the calendar year in which it ends. Thus, the water year ending September 30, 1998, is called the

“1998 water year.”
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Hydrologic Conditions and Budgets for the Black Hills
of South Dakota, Through Water Year 1998

By Daniel G. Driscoll and Janet M. Carter

ABSTRACT

The Black Hills are an important recharge
area for aquifers in the northern Great Plains. The
surface-water hydrology of the area is highly
influenced by interactions with the Madison and
Minnelusa aquifers, including large springs and
streamflow loss zones. Defining responses of
ground water and streamflow to a variety of hydro-
geologic influences is critical to development of
hydrologic budgets for ground- and surface-water
systems.

Hydrographs for 52 observation wells and
1 cave site are used to show ground-water
response to cumulative precipitation departures.
Aquifers considered include the Precambrian,
Deadwood, Madison, Minnelusa, Minnekahta,
and Inyan Kara aquifers, with wells completed in
the Inyan Kara aquifer generally showing small
response to precipitation patterns. Many wells
completed in the other aquifers have large short-
and long-term fluctuations in water levels.
Madison and Minnelusa wells in the southern
Black Hills show a general tendency for smaller
water-level fluctuations than in other areas.

Streamflow characteristics and relations
with precipitation are examined for 33 gaging
stations representative of five different hydrogeo-
logic settings that are identified. The “limestone
headwater” setting occurs within outcrops of the
Madison Limestone and Minnelusa Formation

along the “Limestone Plateau,” where direct run-
off is uncommon and streamflow consists almost
entirely of base flow originating as ground-water
discharge from headwater springs. Thus, variabil-
ity in daily, monthly, and annual flow is small.
Annual streamflow correlates poorly with precipi-
tation; however, consideration of “moving
averages” (involving up to 11 years of annual
precipitation data for some stations) improves
relations substantially.

The “crystalline core” area is encircled by
the outcrop band of the Madison and Minnelusa
Formations and is dominated by igneous and
metamorphic rocks. Base flow ranges from about
41 to 73 percent for representative streams; how-
ever, monthly flow records demonstrate short-
term response to precipitation, which probably
indicates arelatively large component of interflow.
Streamflow generally correlates well with annual
precipitation, with 1% values ranging from 0.52 to
0.87.

Downgradient from the crystalline core area
is the “loss zone” setting, where streamflow losses
occur to outcrops of the Madison and Minnelusa
Formations. Relations between streamflow and
annual precipitation are defined by a power equa-
tion for the only two representative gages in this
setting. The loss zone and “artesian spring” areas
are combined because many artesian springs are
located along stream channels that are influenced

Abstract 1



by streamflow losses and several artesian springs
are within outcrops of the Minnelusa Formation.
Streamflow characteristics for artesian springs
generally have small variability and poor correla-
tions with annual precipitation because of large
influence from relatively stable ground-water dis-
charge. The “exterior” setting is located downgra-
dient from the outcrop of the Inyan Kara Group,
which coincides with the outer extent of the loss
zone/artesian spring setting. Large flow variabil-
ity is characteristic for this setting, and base flow
generally is smaller than for other settings.

Basin yields are highly variable, with the
largest yields occurring in high-altitude areas of
the northern Black Hills that receive large annual
precipitation. Relations between annual yield effi-
ciency and precipitation were applied by previous
investigators in developing a method for estimat-
ing annual precipitation recharge, based on annual
precipitation. The resulting “yield-efficiency
algorithm” compares spatial distributions for
annual precipitation, average annual precipitation,
and efficiency of basin yield. This algorithm is
applied in estimating precipitation recharge on
aquifer outcrops and in estimating streamflow
yield from various outcrop areas, for purposes of
developing average hydrologic budgets for water
years 1950-98.

For the entire study area, precipitation aver-
aged 18.98 inches or about 5.2 million acre-ft per
year. Of this amount, total yield is estimated as
441,000 acre-ft per year (608 ft3/s), which is
equivalent to 1.59 inches over the study area.
Ground-water budgets are developed for the major
bedrock aquifers within the study area (Dead-
wood, Madison, Minnelusa, Minnekahta, and
Inyan Kara aquifers) and for additional minor
bedrock aquifers. Annual recharge to all bedrock
aquifers is estimated as 252,000 acre-ft per year
(348 ft¥/s), of which 292 ft*/s is recharge to the
Madison and Minnelusa aquifers. Of this amount,
200 ft¥/s is from precipitation recharge and
92 ft3/s is from streamflow losses. Discharge of
all wells and springs is about 259 ft3/s, of which
the Madison and Minnelusa aquifers account for
206 ft3/s of springflow and 28 ft3/s of well with-
drawals. Estimated springflow and well with-

drawals from the Deadwood aquifer are 12.6 ft3/s
and 1.4 ft/s, respectively. Estimated well with-
drawals from other aquifers account for about

11 ft3/s. These estimates are used in calculating
net ground-water outflow (outflow minus inflow)
from the study area as 89 fts/s, which is dominated
by net ground-water outflow of 58 ft3/s from the
Madison and Minnelusa aquifers.

Surface-water inflows and outflows average
252 and 553 ft'/s, respectively. Reservoir storage
increased by about 7 ft3/s during 1950-98; thus,
net tributary flows (flows less depletions) gener-
ated within the study area are calculated as
308 ft3/s. Consideration of combined ground- and
surface-water budgets is used to estimate con-
sumptive streamflow withdrawals of 140 ft3/s.
Total consumptive use is estimated as 218 ft3/s, by
including estimates of reservoir evaporation and
storage changes (38 ft3/s) and well withdrawals
(40 ft3/s).

The largest error potential associated with
development of hydrologic budgets is the use of
the yield-efficiency algorithm for estimating pre-
cipitation recharge and streamflow yield. The
ability to balance overall hydrologic budgets
within realistic ranges provides confidence that the
method systematically produces reasonable esti-
mates when applied over sufficiently large spatial
extents and time frames. This conclusion is espe-
cially important because estimation of precipita-
tion recharge for the Madison and Minnelusa
aquifers is critical to developing realistic hydro-
logic budgets for the Black Hills area.

INTRODUCTION

The Black Hills area is an important resource
center that provides an economic base for western
South Dakota through tourism, agriculture, the timber
industry, and mineral resources. In addition, water
originating from the area is used for municipal, indus-
trial, agricultural, and recreational purposes throughout
much of western South Dakota. The Black Hills also
are an important recharge area for aquifers in the
northern Great Plains.

Population growth, resource development, and
periodic droughts have the potential to affect the
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quantity, quality, and availability of water within the
Black Hills area. Because of this concern, the Black
Hills Hydrology Study was initiated in 1990 to assess
the quantity, quality, and distribution of surface water
and ground water in the Black Hills area of South
Dakota (Driscoll, 1992). This long-term study is a
cooperative effort between the U.S. Geological Survey
(USGS), the South Dakota Department of Environment
and Natural Resources, and the West Dakota Water
Development District, which represents various local
and county cooperators.

Ground-water levels and streamflow in the
Black Hills area are heavily influenced by geology and
climatic conditions. Both also are influenced by
human effects, such as reservoirs, diversions, and with-
drawals. Defining responses of ground-water levels
and streamflow to hydrogeologic and climatic factors
and quantifying hydrologic budgets for ground- and
surface-water systems are important for managing the
water resources in the Black Hills area. Hydrologic
budgets for the Madison and Minnelusa aquifers are
especially important because the surface-water
hydrology of the area is highly influenced by complex
interactions with these aquifers. Readers are specifi-
cally referred to other publications that provide
detailed descriptions of recharge conditions (Carter,
Driscoll, and Hamade, 2001) and hydrologic budgets
(Carter, Driscoll, Hamade, and Jarrell, 2001) for these
aquifers.

Purpose and Scope

The purposes of this report are to describe hydro-
logic conditions and to present hydrologic budgets for
the Black Hills area. Specifically, this report describes:
(1) precipitation patterns and the corresponding
responses of ground-water levels and streamflow; and
(2) the relations between precipitation and streamflow.
Hydrologic budgets are presented for ground water,
surface water, and combined ground-water/surface-
water systems. Ground-water budgets are presented
for five major bedrock aquifers (Deadwood, Madison,
Minnelusa, Minnekahta, and Inyan Kara aquifers) and
several minor bedrock aquifers.

The primary period considered for hydrologic
budgets is water years 1950-98; however, other periods
are considered for various purposes, especially for
comparisons between precipitation and hydrologic
response. Hydrologic analyses within this report
generally are by water year, which represents the

period from October 1 through September 30, and
discussions of timeframes refer to water years, rather
than calendar years, unless specifically noted other-
wise.

Description of Study Area

The study area for the Black Hills Hydrology
Study consists of the topographically defined Black
Hills and adjacent areas located in western South
Dakota (fig. 1). Outcrops of the Madison Limestone
and Minnelusa Formation, as well as the generalized
outer extent of the Inyan Kara Group, which approxi-
mates the outer extent of the Black Hills area, also are
shown in figure 1. The study area includes most of the
larger communities in western South Dakota and con-
tains about one-fifth of the State’s population.

Physiography, Land Use, and Climate

The Black Hills uplift formed as an elongated
dome about 60 to 65 million years ago during the
Laramide orogeny (DeWitt and others, 1986). The
dome trends north-northwest and is about 120 mi long
and 60 mi wide. Land-surface altitudes range from
7,242 ft above sea level at Harney Peak to about
3,000 ft in the adjacent plains. Most of the higher alti-
tudes are heavily forested with ponderosa pine, which
is the primary product of an active timber industry.
White spruce, quaking aspen, paper birch, and other
native trees and shrubs are found in cooler, wetter areas
(Orr, 1959). The lower altitude areas surrounding the
Black Hills primarily are urban, suburban, and agricul-
tural. Numerous deciduous species such as cotton-
wood, ash, elm, oak, and willow are common along
stream bottoms in the lower altitudes. Rangeland, hay-
land, and winter wheat farming are the principal agri-
cultural uses for dryland areas. Alfalfa, corn, and
vegetables are produced in bottom lands and in irri-
gated areas. Various other crops, primarily for cattle
fodder, are produced in both dryland areas and in
bottom lands.

Since the 1870’s, the Black Hills have been
explored and mined for many mineral resources
including gold, silver, tin, tungsten, mica, feldspar,
bentonite, beryl, lead, zinc, uranium, lithium, sand,
gravel, and oil (U.S. Department of Interior, 1967).
Mines within the study area have utilized placer
mining, small surface pits, underground mines, and
open-pit mines.

Introduction 3
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The overall climate of the study area is conti-
nental, with generally low precipitation amounts, hot
summers, cold winters, and extreme variations in both
precipitation and temperatures (Johnson, 1933). Cli-
matic conditions are affected by regional patterns, with
the northern Black Hills influenced more by moist air
currents out of the northwest than the southern Black
Hills. Local climatic conditions are affected by topog-
raphy, with generally lower temperatures and higher
precipitation at the higher altitudes.

The average annual precipitation for the study
area (water years 1931-98) is 18.61 inches and has
ranged from 10.22 inches for 1936 to 27.39 inches for
1995 (Driscoll, Hamade, and Kenner, 2000). Annual
averages for counties within the study area range from
16.35 inches for Fall River County to 23.11 inches for
Lawrence County. The largest precipitation amounts
typically occur in the northern Black Hills near Lead,
where average annual precipitation exceeds 28 inches.
The average annual temperature is 43.9°F (National
Oceanic and Atmospheric Administration, 1998) and
ranges from 48.7°F at Hot Springs to approximately
37°F near Deerfield Reservoir. Average annual evapo-
ration potential generally exceeds average annual
precipitation throughout the study area. Average pan
evaporation for April through October is about
30 inches at Pactola Reservoir and about 50 inches at
Oral.

Water Use

The largest consumptive use of water within the
study area is surface-water withdrawals for irrigation
supplies (Amundson, 1998). The largest withdrawals
are associated with irrigation projects along Rapid
Creek and the Cheyenne and Belle Fourche Rivers,
where Bureau of Reclamation storage reservoirs pro-
vide reliable water supplies. Angostura Reservoir
(fig. 1) supplies the Angostura Unit; Deerfield and
Pactola Reservoirs supply the Rapid Valley Project;
and Keyhole (located in northeastern Wyoming) and
Belle Fourche Reservoirs supply the Belle Fourche
Project (Bureau of Reclamation, 1999). Details about
these reservoirs, along with storage records through
1993, were reported by Miller and Driscoll (1998).

Large irrigation withdrawals also are made from
Beaver Creek near Buffalo Gap and from Spearfish
Creek and the Redwater River in the northern Black
Hills, where streamflow is sufficiently reliable to
provide consistent supplies. Smaller irrigation with-
drawals are made from many other area streams.

Streamflow in many area streams is influenced
by a variety of other generally non-consumptive diver-
sions and regulation mechanisms (such as smaller res-
ervoirs). Diversions from Rapid, Elk, and Spearfish
Creeks have historically provided water for mining
operations (Homestake Mining Company) and munic-
ipal supplies (Lead and Deadwood) in the Whitewood
Creek Basin (Miller and Driscoll, 1998). Homestake
Mining Company also diverts water from Spearfish
Creek for two hydropower plants; however, these flows
are returned to Spearfish Creek. Substantial with-
drawals for municipal supplies also are made from
Rapid Creek.

Ground-water withdrawals for irrigation were
smaller during 1995 than for combined municipal,
domestic, and commercial/industrial uses (Amundson,
1998), which have increased steadily with increasing
population in the study area. Rapid City, which is the
largest supplier of municipal water in the area, obtains
water from a combination of bedrock, alluvial, and
surface sources (Anderson and others, 1999). The
Madison and Minnelusa aquifers are the most heavily
utilized bedrock sources of ground water in the study
area. A detailed compilation of withdrawals from the
Madison and Minnelusa aquifers is provided by Carter,
Driscoll, Hamade, and Jarrell (2001).

Hydrogeology

The oldest geologic units in the study area are the
Precambrian crystalline (igneous and metamorphic)
rocks (fig. 2), which form a basement under the Paleo-
zoic, Mesozoic, and Cenozoic rocks and sediments.
The Precambrian rocks range in age from 1.7 to about
2.5 billion years, and were eroded to a gentle undu-
lating plain at the beginning of the Paleozoic Era
(Gries, 1996). The Precambrian rocks are highly
variable, but are composed mostly of igneous rocks or
metasedimentary rocks, such as schists and gray-
wackes. The Paleozoic and Mesozoic rocks were
deposited as nearly horizontal beds. Subsequent uplift
during the Laramide orogeny and related erosion
exposed the Precambrian rocks in the crystalline core
of the Black Hills, with the Paleozoic and Mesozoic
sedimentary rocks exposed in roughly concentric rings
around the core. Deformation during the Laramide
orogeny contributed to the numerous fractures, folds,
and other structural features present throughout the
Black Hills. Tertiary intrusive activity also contributed
to rock fracturing in the northern Black Hills where
numerous intrusions exist.
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Surrounding the crystalline core is a layered
series of sedimentary rocks (fig. 3) including outcrops
of the Madison Limestone (also locally known as the
Pahasapa Limestone) and the Minnelusa Formation. In
this report, references to the outcrop of the Madison
Limestone also include the Englewood Formation,
which was grouped with the Madison Limestone as a
hydrogeologic unit (fig. 3) by Strobel and others
(1999). The bedrock sedimentary units typically dip
away from the uplifted Black Hills at angles that can
approach or exceed 15 to 20 degrees near the outcrops,
and decrease with distance from the uplift to less than
1 degree (Carter and Redden, 1999a, 1999b, 1999c,
1999d, 1999¢) (fig. 4).

The Precambrian basement rocks generally have
low permeability and form the lower confining unit for
the series of sedimentary aquifers in the Black Hills
area. Localized aquifers occur in Precambrian rocks in
many locations in the crystalline core of the Black
Hills, where enhanced secondary permeability results
from weathering and fracturing. The thickness of these
aquifers is estimated to be less than 500 ft (Rahn,
1985). Water-table (unconfined) conditions generally
prevail in these aquifers, and land-surface topography
can strongly control ground-water flow directions.
Many wells completed in the Precambrian rocks are
located along stream channels.

The hydrogeologic setting of the Black Hills area
is schematically illustrated in figure 5. Many of the
sedimentary units contain aquifers, both within and
beyond the study area. Within the Paleozoic rock
interval, aquifers in the Deadwood Formation,
Madison Limestone, Minnelusa Formation, and
Minnekahta Limestone are used extensively and all are
considered major aquifers within the study area. These
aquifers receive recharge from infiltration of precipita-
tion on outcrops, and the Madison and Minnelusa aqui-
fers also receive significant recharge from streamflow
losses. These aquifers are collectively confined by the
underlying Precambrian rocks and the overlying
Spearfish Formation. Individually, these aquifers are
separated by minor confining units or by relatively
impermeable layers within the individual units. In
general, ground-water flow in these aquifers is radially

outward from the crystalline core of the Black Hills.
Although the lateral component of ground-water flow
predominates, extremely variable leakage can occur
between these aquifers (Peter, 1985; Greene, 1993).

The Jurassic rock interval generally is consid-
ered to be a semiconfining unit with interbedded
shales, sandstones, and gypsum (Strobel and others,
1999). The sandstones within the Sundance Formation
form a minor aquifer where saturated. Aquifers in
various other formations are used locally to lesser
degrees.

Within the Mesozoic rock interval, the Inyan
Kara aquifer is used extensively. Aquifers in various
other units, such as the Newcastle Sandstone, are used
locally to lesser degrees. The Inyan Kara aquifer
receives recharge primarily from precipitation on the
outcrop. The Inyan Kara aquifer also may receive
recharge from leakage from the underlying aquifers
(Swenson, 1968; Gott and others, 1974). As much as
4,000 ft of Cretaceous shales act as the upper confining
layer to aquifers in the Mesozoic rock interval.

Artesian (confined) conditions generally exist
within the aforementioned aquifers, where an upper
confining layer is present. Under artesian conditions,
water in a well rises above the top of the aquifer in
which it is completed. Flowing wells result when
drilled in areas where the potentiometric surface is
above the land surface. Flowing wells and artesian
springs that originate from confined aquifers are
common around the periphery of the Black Hills.

Streamflow within the study area is affected by
both topography and geology. The base flow of most
streams in the Black Hills originates in the higher
altitudes, where relatively large precipitation and small
evapotranspiration result in more water being available
for springflow and streamflow. Numerous streams
have significant headwater springs originating from the
Paleozoic carbonate (limestone and dolomite) rocks
along the “Limestone Plateau” (fig. 1) on the western
side of the study area. This area is both a large recharge
and discharge area for aquifers in the Paleozoic rock
interval, especially for the Madison aquifer. The head-
water springs provide significant base flow for several
streams that flow across the crystalline core.

Introduction 7
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Most streams generally lose all or part of their
flow as they cross the outcrop of the Madison Lime-
stone (Rahn and Gries, 1973; Hortness and Driscoll,
1998). Karst features of the Madison Limestone,
including sinkholes, collapse features, solution
cavities, and caves, are responsible for the Madison
aquifer’s large capacity to accept recharge from
streamflow. Large streamflow losses also occur in
many locations within the outcrop of the Minnelusa
Formation, and limited losses probably also occur
within the outcrop of the Minnekahta Limestone
(Hortness and Driscoll, 1998). Large artesian springs
occur in many locations downgradient from these loss
zones, most commonly within or near the outcrop of
the Spearfish Formation. These springs provide an
important source of base flow in many streams beyond
the periphery of the Black Hills (Rahn and Gries, 1973;
Miller and Driscoll, 1998).
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HYDROLOGIC PROCESSES AND
CONDITIONS

This section describes spatial and temporal pre-
cipitation patterns in the Black Hills area and the
response of ground water and streamflow to variations
in hydrologic conditions. A brief discussion of hydro-
logic processes also is presented for the benefit of
readers with limited hydrologic backgrounds.

Hydrologic Processes

A schematic diagram illustrating hydrologic
processes is presented as figure 6. Precipitation falling

Evapotranspiration

- &ﬁ / N Evaporation Transpiration
T Interflow
~ &
Infiltration Depression J
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Figure 6. Schematic diagram illustrating hydrologic processes.
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on the earth’s surface generally infiltrates into the soil
horizon, unless the soil is saturated or the infiltration
capacity is exceeded, in which case overland flow or
direct runoff will occur. Some water may be returned
from the soil horizon to the land surface through inter-
flow, contributing to relatively short-term increases in
streamflow. In the Black Hills area, where potential
evaporation generally exceeds precipitation, most
water is eventually returned to the atmosphere through
evapotranspiration (ET). Water infiltrating beyond the
root zone may eventually recharge ground-water sys-
tems; however, ground-water discharge (in the form of
springflow or seepage) also may contribute to stream-
flow.

For the purposes of this report, the term runoff is
used to include all means by which precipitation even-
tually contributes to streamflow. Direct runoff includes
overland flow and that portion of interflow that arrives
in stream channels relatively quickly. Base flow gen-
erally includes all ground water discharging to streams
and also may include some interflow. Springflow
generally is considered to be ground-water discharge
that occurs in somewhat discrete and identifiable loca-
tions, as opposed to more general ground-water
seepage. Streamflow is inclusive of runoff and may
also include water from other sources such as diver-
sions or well discharges.

Within this report, streamflow is most commonly
expressed in units of cubic feet per second, but fre-
quently is expressed in acre-feet per year (1.0 ft3/s =
724.46 acre-ft for a year consisting of 365.25 days).
Units of acre-feet (1.0 ft over an acre, which is equiva-
lent to 43,560 ft°) are especially convenient for calcu-
lating annual basin yield (annual runoff per unit of
drainage area), which generally is expressed in inches.

Precipitation Data and Patterns

Precipitation data sets that are used within this
report generally are taken from Driscoll, Hamade, and
Kenner (2000), who summarized available precipita-
tion data for water years 1931-98 for the Black Hills
area. These investigators compiled monthly precipita-
tion records for 52 long-term precipitation gages oper-
ated by National Oceanic and Atmospheric Adminis-
tration (1998) and 42 short-term precipitation gages
operated by the USGS. These data sets are available
at http://sd.water.usgs.gov/projects/bhhs/precip/
home.htm. These investigators used a geographic
information system (GIS) to generate spatial

distributions of monthly precipitation data for 1,000-
by-1,000-meter grid cells for the study area. Estimates
of annual precipitation amounts for counties within the
study area, which were reported by Driscoll, Hamade,
and Kenner (2000), are used directly within this report
for several purposes. This data set is presented as
table 18 in the Supplemental Information section at the
back of this report. Data sets and methods developed
by these investigators also are used for estimating pre-
cipitation amounts over drainage areas for selected
streamflow-gaging stations, using monthly precipita-
tion distributions that are compiled by water year.

Spatial precipitation patterns in the Black Hills
area are highly influenced by orography, as shown by
an isohyetal map (fig. 7) for water years 1950-98,
which is the period commonly used for developing
hydrologic budgets in this report. The largest annual
precipitation amounts typically occur in the high-
altitude areas of the northern Black Hills near Lead.
Orographic effects also are apparent in the high-
altitude areas near Harney Peak. Consistent wintertime
snowpack frequently is sustained in approximately
these same areas, with snowpack potential generally
increasing in a northwesterly direction from Harney
Peak to near Crooks Tower.

The largest precipitation amounts typically occur
during May and June, and the smallest amounts typi-
cally occur during November through February
(fig. 8). The seasonal distribution of precipitation is
fairly uniform throughout the study area; however,
Lawrence County receives slightly larger proportions
of annual precipitation during winter months than other
counties (fig. 9).

Long-term precipitation trends (fig. 10) are an
important consideration for hydrologic analysis for the
Black Hills area. Figure 10A shows annual precipita-
tion for water years 1931-98, relative to the long-term
average of 18.61 inches (Driscoll, Hamade, and
Kenner, 2000), and figure 10B shows annual depar-
tures. The cumulative trends are readily apparent from
figure 10C, with the most pronounced trends identified
by the longest and steepest line segments. The periods
from 1931-40 and 1948-61 were sustained periods of
generally deficit precipitation that were separated by a
period of surplus precipitation during 1941-47.
Surplus precipitation occurred during 1962-68, fol-
lowed by a relatively long period of approximately
average precipitation through about 1986. A short
period of deficit precipitation from 1987-90 has been
followed by generally average to surplus conditions
through 1998.
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The long-term precipitation trends are especially
important because of potential for bias in analysis and
interpretation of available hydrologic data sets, which
are much more abundant for the recent wet years.
Water-level records are available for 71 observation
wells in the Black Hills area for 1998, compared with
five wells for 1965 (Driscoll, Bradford, and Moran,
2000). Miller and Driscoll (1998) reported streamflow
records for 65 gages for 1993, compared with 30 gages
for 1960. Thus, the potential for bias is an important
consideration in analysis of hydrologic data sets for the
Black Hills area.

Ground-Water Response to Precipitation

The response of ground water to precipitation
patterns is shown by comparing water-level hydro-
graphs for 52 observation wells and 1 cave site
(grouped by county) to cumulative precipitation depar-
tures (figs. 39-43 in the Supplemental Information
section). Observation wells for which hydrographs are
shown were selected based on length of record and
geographic location. On these hydrographs, solid lines
indicate continuous records, and dashed lines indicate
periods with discontinuous records, which may be
based only on periodic manual measurements in some
cases. Cumulative precipitation departures for
1961-98 for the appropriate counties are computed
using precipitation data presented in table 18. Selected
site information for the 53 ground-water sites is pre-
sented in table 1, and locations are shown in figure 11.

Although ground-water levels can be directly
affected by recharge rates that are influenced by annual
precipitation amounts, numerous other factors can
affect ground-water response. The timing and intensity
of precipitation, along with evaporative factors such as
temperature, humidity, wind speed, and solar radiation
can have a large effect on annual recharge. Streamflow
losses (especially for the Madison and Minnelusa
aquifers) also can contribute to recharge. Ground-
water levels also can be affected by well withdrawals,
spring discharges, and various hydraulic properties of
aquifers. A distinct response to annual precipitation
patterns is indicated by hydrographs for many wells
(figs. 39-43), which indicates other influences are
relatively minor for many wells.

Precipitation patterns for the five counties gener-
ally are very similar (figs. 39-43). Precipitation was
below average for all counties during 1961, which is

the first year considered. Thus, all of the cumulative
departure graphs, which are based on 1961-98 aver-
ages, begin with a precipitation deficit. Precipitation
during the next several years was above average for all
counties, resulting in cumulative surpluses by the mid
1960’s. For Custer and Fall River Counties, a gradual
long-term deficit developed, which ended in the early
1990’s (figs. 42 and 43). For Lawrence, Meade, and
Pennington Counties, a slight surplus was maintained
through about 1980, with general deficits then
developing through the early 1990’s (figs. 39-41). For
all counties, annual surpluses occurred during the mid
to late 1990’s, bringing the cumulative departures back
up to zero.

Most of the water-level records are much shorter
than the precipitation records that are presented and
show identifiable increases in response to the precipita-
tion surpluses that occurred during the mid to late
1990’s. Similarly, most wells with records prior to the
early 1990’s show short-term decreases in water levels
corresponding to periods with precipitation deficits.
The most notable exceptions are the four wells com-
pleted in the Inyan Kara aquifer (figs. 39B, 40B, 42C,
and 42G), which show very little response to precipita-
tion patterns. The Hermosa South Inyan Kara well
(fig. 42G), with a steady decrease of about 4 ft between
1984 and 1998, is the only well of the 53 ground-water
sites with a definitive long-term trend in general water
levels.

Five wells have records dating back to 1965 or
earlier (figs. 39C, 39L, 41B, 41K, and 41L), all of
which probably are influenced by pumping of nearby
wells (Driscoll, Bradford, and Moran, 2000). The
Sioux Park Minnelusa well (fig. 41L) shows response
to long-term production from the Minnelusa aquifer by
the city of Rapid City, and the Sioux Park Madison well
(fig. 41K) shows large fluctuations in response to
increased production from the Madison aquifer begin-
ning in about 1990. Thus, the responses to climatic
conditions for these wells cannot necessarily be distin-
guished from pumping influences. The water level in
the Cement Plant Minnelusa well (fig. 41B) decreased
slowly during the late 1980’s when a cumulative pre-
cipitation deficit was developing. A sudden decrease
occurred in early 1990 when production from the
Madison aquifer increased, which may indicate
hydraulic connection between the Madison and
Minnelusa aquifers in this area.

Ground-Water Response to Precipitation 15



Table 1.

[GC, Golf Course; W, West; CSP, Custer State Park. --, not applicable]

Observations wells and cave site for which hydrographs are presented

Site Station Latitude Longitude
number Local number identification Other identifier Aquifer
(fig. 11) number (degrees, minutes, seconds)
Lawrence County
1 7N 3E22DAAD  443306103434001  443310.8 1034347.2  Saint Onge LA-90B Inyan Kara
2 TN 2EI0BADC  443515103513901  443513.1 1035143.4  Redwater LA-62A Minnelusa
3 7N 1E33CCDD2 443100104002002  443104.2 1040025.3  State Line Mnls LA-87B Minnelusa
4 TN 1E33CCDD  443100104002001  443104.2 1040025.3  State Line Mdsn LA-87A Madison
5 6N 3E15SDDDA2 442833103434602  442834.0 1034346.2  Frawley Ranch Mdsn LA-95A Madison
6 6N 3EISDDDA  442833103434601  442834.5 1034346.2  Frawley Ranch Mnls LA-88A Minnelusa
7 6N 2E14BCCC2  442854103505602  442854.4 1035053.6  Spearfish GC Mdsn LA-88C Madison
8 6N 2E14BCCC  442854103505601  442854.4 1035053.6  Spearfish GC Mnls LA-88B Minnelusa
9 6N 2ES5BBBB2 443100103543002  443104.3 1035437.7  Spearfish W Mnkt LA-86B Minnekahta
10 6N 2E 5BBBB 443100103543001  443104.3 1035437.7  Spearfish W Mnls LA-86A Minnelusa
11 SN 4E14ADD 442344103253401  442343.6 10335259  Boulder Canyon Mnls LA-63A Minnelusa
12 5N4E 1ABBD2 442545103343702 4425443 1033437.1  Whitewood Mdsn LA-90A Madison
13 SN4E 1ABBD  442545103343701 4425444 1033437.5  Whitewood Mnls LA-86C Minnelusa
14 5N 1E11DABA  442435103571101  442434.6 1035710.8  Big Hill Trailhead LA-95C Madison
15 4N 2E20BBAC  441757103544601  441757.5 1035445.5  Cheyenne Xing Mdsn LA-95B Madison
Meade County
16 6N 5SE16CDCC  442828103312001  442827.8 1033123.2  Bear Butte MD-89A  Inyan Kara
(Lakota)
17 5N 5SE16CAAD  442335103311001  442336.7 1033111.2  Sturgis MD-86A  Madison
18 4N G6EI19AABA2 441759103261202  441759.7 1032612.2  Tilford Mdsn MD-90A  Madison
19 4N G6EI9AABA  441759103261201  441800.1 1032612.4  Tilford Mnls MD-84B  Minnelusa
20 3N O6EI5ABB2  441337103225002  441335.5 1032250.5  Piedmont Mdsn MD-94A  Madison
21 3N 6E15ABB 441337103225001  441335.6 1032250.7  Piedmont Mnls MD-84A  Minnelusa
Pennington County
22 2N 7E34BCCA  440528103161001  440530.9 1031614.2  Cement Plant PE-64A Minnelusa
23 2N 7E32ABBC2 440544103180002  440543.6 1031805.2  City Quarry Mdsn PE-89C Madison
24 2N 7E32ABBC  440544103180001  440543.6 1031805.2  City Quarry Mnls PE-89D Minnelusa
25 2N 7E17BAAD  440818103180801  440819.8 1031809.9  Dog Track PE-84B Minnelusa
26 2N 1E27ADAC  440623103583701  440626.8 1035735.9  Blind Park PE-91A Deadwood
27 IN 7E29CADD  440052103181201  440053.6 1031810.4  Countryside PE-84A Deadwood
16 Hydrologic Conditions and Budgets for the Black Hills of South Dakota, Through Water Year 1998



Table 1.

Observations wells and cave site for which hydrographs are presented—Continued
[GC, Golf Course; W, West; CSP, Custer State Park. --, not applicable]

Site Station Latitude Longitude
number Local number identification Other identifier Aquifer
(fig. 11) number (degrees, minutes, seconds)
Pennington County—Continued
28 IN7E 8ADDD2  440338103173302  440337.7 1031734.9  Canyon Lake Mdsn PE-89A Madison
29 IN7E 8ADDD  440338103173301  440337.6 1031735.1  Canyon Lake Mnls PE-89B Minnelusa
30 IN7E5DBCA  440423103180501  440422.6 1031806.8  West Camp Rapid 3 - Minnelusa
31 IN7E 3CBAA2  440430103160202  440427.2 1031605.0  Sioux Park Mdsn PE-65A Madison
32 IN7E3CBAA  440430103160201  440427.2 1031605.1  Sioux Park Mnls PE-64B Minnelusa
33 IN 7E 1DBBB 440427103131701  440426.6 1031318.0  Star Village RC7 Madison
34 1S 2E35ADCA  435517103501801  435515.6 1035018.5  Four Corners PE-96C Madison
35 1S 7TE20CACD  435644103183801  435641.3 1031843.4  Kieffer - Deadwood
36 1S 7E 3CDBD 435916103161801  435915.1 1031620.6  Reptile Gardens Mdsn PE-86A Madison
37 1IS7E3CDBD2  435916103161802  435915.1 1031620.6  Reptile Gardens Mnls PE-94A Minnelusa
Custer County
38 2S TE34ABBA  435018103155801  435020.3 1031600.3  Hermosa West Mnls CU-83A Minnelusa
39 2S 7E36CBCB 434946103140501  434948.7 1031417.3  Hermosa West Lkot CU-83B Inyan Kara
(Lakota)
40  3S1E18DDDB  434700104021401  434701.7 1040215.5  Boles Canyon Mdsn CU-93C Madison
41 3S 1E18DDDB2  434700104021402  434701.7 1040215.5  Boles Canyon Mnls CU-93D  Minnelusa
42 3S4E24BCDD  434634103351801  434627.1 1033533.4  Custer Test CU-86A  Precambrian
43 3S 8E19BBBB 434652103130501  434653.7 1031307.2  Hermosa South CU-83C Inyan Kara
(Lakota)
44  4S 6E IDAAA 434350103201901  434350.9 1032020.2  CSP Airport Mdsn CU-93A  Madison
45  4S 6E 1IDAAA2  434350103201902  434350.9 1032020.2  CSP Airport Mnls CU-93B Minnelusa
C1 6S SE12DBAB ~ 433302103281501 433257 1032827 Windy City Lake - Madison
46  6S 6E21BBBB 433115103251401  433115.4 1032516.1  7-11 Ranch Mdsn CU-91A Madison
47 6S 6E21BBBB2  433115103251402 4331154 1032516.1  7-11 Ranch Mnls CU-91B Minnelusa
48 6S 6E21BBBB3  433115103251403  433115.3 1032516.2  7-11 Ranch Mnkt CU-96A  Minnekahta
Fall River County
49  7S4E19BCCB 432548103414801  432545.8 1034151.2  Minnekahta Junction FR-92A Madison
Mdsn
50 7S 4E19BCCB2  432548103414802  432545.8 1034151.2  Minnekahta Junction Mnls FR-94A Minnelusa
51 7S SE14CCCC 432603103295901  432602.7 1032958.7  Vets Home Mdsn FR-95A Madison
52 7S SE14CCCC2  432603103295902  432602.7 1032958.7  Vets Home Mnls FR-95B Minnelusa

Ground-Water Response to Precipitation
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Figure 11. Location of observation wells and cave site for which hydrographs are presented.
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Hydrographs are presented for one Precambrian
well (fig. 42F) and three Deadwood wells (figs. 41F,
41G, and 410), all of which indicate general respon-
siveness to climatic influences. Hydrographs are pre-
sented for two Minnekahta wells (table 1). The record
for the 7-11 Ranch well (fig. 42M) is very short and not
very informative. Water levels in the Spearfish West
Minnekahta well (fig. 39J) are very responsive to the
general precipitation trend and also exhibit extreme
response to recharge episodes, with an increase of
almost 60 ft during 1993. Records for two other
Minnekahta wells reported by Driscoll, Bradford, and
Moran (2000) are not included in this report. These
wells, which are colocated with the State line wells and
the Tilford wells (table 1), both show large fluctuations
in annual water levels.

Many of the hydrographs presented are for wells
completed in the Madison and Minnelusa aquifers,
most of which are colocated. Many wells in both aqui-
fers (with sufficient records) show pronounced respon-
siveness to climatic influences, with declining water
levels during the late 1980’s and early 1990’s, followed
by increasing water levels. Notable exceptions are the
Canyon Lake wells (figs. 41H and 411), which are
located very near a large artesian spring complex
(Cleghorn and Jackson Springs). Naus and others
(2001) identified the Madison aquifer as the primary
spring source, which probably results in minimal
water-level fluctuations for the Madison well
(fig. 41H). Hydraulic head in the Minnelusa aquifer
(fig. 411) is about 50 to 60 ft lower than in the Madison
aquifer, indicating probable upward leakage from the
Madison aquifer. The Minnelusa aquifer apparently is
hydraulically connected to Rapid Creek at this location,
as evidenced by a sharp decline during a period when
Canyon Lake was drained near the end of 1995. The
largest overall water-level change is for the Reptile
Gardens Madison well (fig. 41P), which increased by
about 110 ft during 1990-98. Increases of about 80 ft
have been recorded for the Tilford Madison and
Minnelusa wells (figs. 40D and 40E).

Madison and Minnelusa wells in the southern
Black Hills show a general tendency for smaller water-
level fluctuations than wells in other areas. Water-level
changes appear small and gradual (for the periods of
record available) for Windy City Lake (fig. 42J), the
7-11 Ranch wells (figs. 42K and 42L), and the
Minnekahta Junction and Vets Home well pairs
(fig. 43). Several possible explanations are offered for

this observation. Estimated recharge from infiltration
of precipitation is much smaller than in other areas and
streamflow recharge also is very small (Carter,
Driscoll, and Hamade, 2001). Another contributing
factor may be large storage capacity in unconfined
parts of the aquifers, which are especially large in the
southern Black Hills (Clawges, 2000a; 2000b). Caves,
which probably are more prevalent in the southern
Black Hills than in other areas, can provide large
storage capacity especially in the Madison aquifer.

Hydrographs for many Madison and Minnelusa
wells located north of Wind Cave (fig. 11) show large
water-level fluctuations; however, a wide range of vari-
ability is apparent, which probably reflects a wide
range in recharge, discharge, and hydraulic characteris-
tics. General water-level declines through the late
1980’s and early 1990’s are associated with generally
deficit precipitation (and recharge) conditions and also
indicate sufficiently large ground-water movement for
substantial reduction of ground-water storage. General
water-level increases during the mid to late 1990’s indi-
cate much larger recharge rates, which is consistent
with results of water-budget analyses (Carter, Driscoll,
Hamade, and Jarrell, 2001). The episodic recharge
characteristics for these aquifers is accentuated by
streamflow recharge, which locally can increase
recharge amounts considerably beyond that which
would occur simply from infiltration of precipitation,
especially in discrete locations.

Large short-term water-level fluctuations (time-
frame of weeks and months) also are apparent for many
Madison and Minnelusa wells, which could result from
a variety of hydraulic influences. An important factor
may be the dual-porosity characteristics of these aqui-
fers, which can result from openings associated with
secondary porosity within a matrix of lower perme-
ability material (Long, 2000) and can contribute to
rapid changes in hydraulic head.

Streamflow Response to Precipitation

Streamflow is affected by numerous climatic
variables including timing, intensity, and amount of
precipitation, as well as other variables affecting evap-
orative processes. This section of the report focuses on
quantifying the response of streamflow to annual pre-
cipitation amounts because: (1) measurements of
annual precipitation are abundant, relative to other
climatic variables; and (2) annual precipitation
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generally is the most important explanatory variable,
which probably results at least partially from interrela-
tions with other climatic variables.

Streamflow also can be affected by numerous
physical factors such as topography, land cover, and
soil conditions, all of which may be affected by geo-
logic conditions. Similarities in hydrogeologic charac-
teristics allow identification of hydrogeologic settings
that have distinctive influences on streamflow charac-
teristics in the Black Hills area. Hydrogeologic set-
tings are described in the following section, prior to
addressing responses to precipitation.

Hydrogeologic Settings

A distinctive effect of hydrogeologic setting is
on the timing and variability of streamflow (Miller and
Driscoll, 1998), which results primarily from interac-
tions between surface water (streamflow) and ground
water. In this report, four areas that represent five
hydrogeologic settings are identified, as shown in
figure 12. The “limestone headwater” setting occurs
within outcrops of the Madison Limestone and
Minnelusa Formation along the Limestone Plateau
area. In this area, direct runoff is uncommon; however,
numerous springs along the eastern fringe of the Lime-
stone Plateau contribute to streamflow within the head-
waters of several drainages. The “crystalline core”
setting is encircled by the outcrop band of the Madison
Limestone and Minnelusa Formation and is dominated
by Precambrian igneous and metamorphic rocks.
Downgradient from the crystalline core area is the “loss
zone” setting, where streamflow losses occur as
streams cross outcrops of the Madison Limestone and
Minnelusa Formation. The loss zone and “artesian
spring” settings share a common area because many
artesian springs are located along stream channels that
are influenced by streamflow losses and several arte-
sian springs are within outcrops of the Minnelusa
Formation. The outer extent of this common area is
bounded by the outcrop of the Inyan Kara Group,
which approximates the outer extent of the Black Hills
area. Areas downgradient from this outcrop are
considered to be within the “exterior” setting. The

“connected outcrop” areas of the Madison Limestone
and Minnelusa Formation shown in figure 12 are
slightly modified from figure 3 and exclude small areas
isolated from the main outcrops (erosional remnants).

Locations of streamflow-gaging stations that are
used to identify representative streamflow characteris-
tics for the five hydrogeologic settings are shown in
figure 12. Locations of selected “combination” gages
where flows are affected by a combination of hydro-
geologic settings or by diversions or regulation also are
shown. Site information and selected flow characteris-
tics are summarized (by hydrogeologic setting) in
table 2. Selected site information also is included in
table 2 for “other” gages that are used later for various
other purposes. Annual flow data for the representative
and combination gages are summarized in tables 19-24
in the Supplemental Information section, along with
estimated annual precipitation amounts for the associ-
ated drainage areas.

One of the flow characteristics summarized in
table 2 is the “base flow index” (BFI), which represents
the estimated percentage of streamflow contributed by
base flow, for any given gage. BFI’s were determined
with a computer program described by Wahl and Wahl
(1995), using coefficients of N=5 (5-day increments)
and f=0.9 (90 percent minimum criterion for determi-
nation of turning points). This program uses daily
mean streamflow to define a base-flow hydrograph,
which is used to compute the percentage of streamflow
volume contributed by base flow.

Table 2 also includes mean flow values for rep-
resentative gages (for the periods of record shown) in
cubic feet per second and mean values of annual basin
yield, expressed in inches per unit area. Because basin
yields are normalized, relative to surface drainage area,
values are directly comparable among different gages.
For example, the mean flow of 11.73 ft3/s for Castle
Creek (station 06409000) is about 2.7 times larger than
the mean flow of 4.33 ft*/s for Cold Springs Creek
(station 06429500); however, the mean annual basin
yield for Castle Creek (2.01 inches) is smaller than for
Cold Springs Creek (3.10 inches).
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The last flow characteristic summarized in
table 2 is the coefficient of variation (standard devia-
tion divided by mean) for annual basin yield, which
provides an excellent measure of annual flow vari-
ability. This statistic is directly comparable among
different gages, because the standard deviations are
normalized relative to means. For example, standard
deviations for Beaver Creek at Mallo Camp
(06392900) and Rhoads Fork (06408700) are very
different; however, coefficients of variation are nearly
identical. A notable example is provided by two gages
representative of the artesian spring setting—Cascade
Springs (06400497) and Cox Lake (06430540), which
have anomalously large values for annual basin yield
(orders of magnitude higher than annual precipitation)
because of extremely large artesian springflow that
occurs in very small drainages. Standard deviations for
these sites are the largest in table 2; however, the coef-
ficients of variation are the smallest, which is consis-
tent with the BFI’s, which are the largest in the table
and are indicative of extremely large contributions
from base flow.

The previous discussion provides a good
example of a generally inverse relation between BFI
and coefficient of variation, with decreasing variability
in annual flow generally indicative of increasing con-
tributions from base flow, much of which is derived
from ground-water discharge. Representative gages
for each category of hydrogeologic setting typically
have similar BFI’s and coefficients of variation,
resulting primarily from similarities in flow variability.

Graphs showing variability in daily, monthly,
and annual flow are presented in figures 13-15, respec-
tively. For the duration curves of daily mean flow
(fig. 13), two graphs are provided for the crystalline
core setting because of the large number of basins
representative of this setting. Basin yields are used to
summarize annual flow characteristics (fig. 15) for all
hydrogeologic settings except the artesian spring set-
ting, for which annual yield values can be unrealisti-
cally large (table 2), as discussed previously.
Following are discussions of flow characteristics and
physical settings for the five hydrogeologic settings.
Detailed analyses of relations between precipitation
and streamflow are presented in the next section.

Relative variability of daily, monthly, and annual
flow is much smaller for gages representative of lime-
stone headwater and artesian spring settings than for
the other settings (figs. 13-15). Coefficients of varia-
tion for these settings are consistently smaller than for

the other settings (table 2). BFI’s are consistently
larger, indicating large proportions of base flow, which
results primarily from ground-water discharge in the
form of springflow for these settings. All measures
considered indicate much higher flow variability for
the other three settings.

Gages representative of the limestone headwater
setting are located near the Limestone Plateau (fig. 12),
where large outcrops of the Madison Limestone and
Minnelusa Formation occur in an area of generally low
relief, along the South Dakota-Wyoming border. Two
of the gages considered (06392900 and 06429500) are
located in Wyoming within outcrops of the Minnelusa
Formation. The remainder are located near the contact
between the Madison Limestone and underlying geo-
logic units (figs. 2 and 3), where headwater springs
commonly occur. Most recharge for these headwater
springs is from infiltration of precipitation on the
Madison Limestone or Minnelusa Formation (Rahn
and Gries, 1973; Carter, Driscoll, Hamade, and Jarrell,
2001). Ground-water discharge from the Deadwood
aquifer also can contribute to springflow.

Sustained streamflow within the Madison and
Minnelusa outcrops is very uncommon (Miller and
Driscoll, 1998) and generally occurs only in limited
areas where low-permeability “perching” layers occur.
Such conditions probably exist in the vicinity of the
two Wyoming gages, where streamflow is again lost to
the Minnelusa Formation downstream from the gages.
Small perched springs are common within outcrops of
the Minnelusa Formation along the Limestone Plateau.
Among the limestone headwater basins, the smallest
variability in daily flow is for Rhoads Fork
(06408700), where measured values have ranged
almost exclusively between 3 and 10 ft3/s (fig. 13).
Measured daily flows generally vary by less than an
order of magnitude for representative gages, which
indicates that direct runoff is uncommon for this
setting.

The four limestone headwater gages in South
Dakota are downstream from the largest headwater
spring areas and measure a large percentage of the
springflow along the eastern side of the Limestone
Plateau, most of which occurs within the Rapid and
Spearfish Creek Basins. Large and sustained head-
water springflow generally does not occur south of
Castle Creek (06409000); however, several smaller
springs of more intermittent nature occur in the Spring
and French Creek drainages.
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MEAN MONTHLY STREAMFLOW, IN CUBIC FEET PER SECOND

50

20

10

100
50

20
10

0.2
0.1
0.05

0.02
0.01

100

50

20

10

0.2

0.1

0 Limestone headwater basins

T T T T T T T
Beaver Creek (06392900)

Rhoads Fork (06408700)

Castle Creek (06409000)

Cold Springs Creek (06429500)

Spearfish Creek (06430770)

Little Spearfish Creek (06430850)

Crystalline core basins

Beaver Creek (06402430)

French Creek (06403300)

Battle Creek (06404000)

Grace Coolidge Creek (06404998)

Bear Gulch (06405800)

Spring Creek (06407500)
Boxelder Creek (06422500)
Elk Creek (06424000)

Annie Creek (06430800)
Squaw Creek (06430898)

Whitetail Creek (06436156)
Bear Butte Creek (06437020)

Loss zone basins

Spring Creek (06408500)
Boxelder Creek (06423010)

Oct Nov Dec Jan Feb Mar Apr
MONTH

May

Jun

Jul

Aug

Figure 14. Mean monthly streamflow for basins representative of hydrogeologic settings.
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Figure 15. Distribution of annual yield for basins representative of hydrogeologic settings.
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Similar contributions to base flow can occur in
other areas around the periphery of the uplift, espe-
cially where outcrops of the Deadwood, Madison,
Minnelusa, and Minnekahta Formations occur along
incised channels of generally easterly flowing streams.
Numerous outcrops that are erosional remnants of
these formations occur in the northern Black Hills
(fig. 3) and also can contribute to base flow of various
streams (most notably Boxelder, Elk, Bear Butte, and
Whitewood Creeks). Small erosional remnants are not
shown in figure 12, which includes only connected
outcrops of the Madison and Minnelusa Formations.

Most gages representative of the crystalline core
setting are located along the eastern and northern flanks
of the uplift, immediately upstream from the outcrop of
the Madison Limestone (fig. 12). The crystalline core
is dominated by igneous and metamorphic Precam-
brian rocks, but also includes numerous Tertiary intru-
sives in the northern Black Hills (fig. 3). Unconsoli-
dated Quaternary and Tertiary deposits also occur in
various locations.

BFI’s for the crystalline core basins generally
approach or slightly exceed 50 percent (table 2).
Monthly flow characteristics (fig. 14), however, indi-
cate a short-term response to precipitation patterns
(fig. 8), which probably indicates a relatively large
component of interflow contributing to base flow. This
interpretation is supported by the general physical
characteristics of the crystalline core basins, where
large relief and steep planar surfaces provide mecha-
nisms for non-vertical flow components in the unsatur-
ated zone. Contributions from ground-water discharge
presumably also occur; however, ground-water storage
available for contribution to streamflow apparently is
quickly depleted, as evidenced by the lower end of the
range of annual yield values for the crystalline core
basins (fig. 15). Daily flow values span two or more
orders of magnitude for all crystalline core basins
(fig. 13).

Gages representative of the loss zone setting are
uncommon, because sustained flow is uncommon
downstream from outcrop areas where large stream-
flow losses provide recharge to the Madison and
Minnelusa aquifers (Hortness and Driscoll, 1998). The
only two representative loss zone gages (fig. 12) are
located on Spring Creek (06408500) and Boxelder
Creek (06423010). Annual basin yields for these gages
(table 2) are much smaller than for gages located
upstream (stations 06407500 on Spring Creek and
06422500 on Boxelder Creek) and relative variability
in flow is larger (figs. 13-15). Spring Creek does

have relatively consistent base flow (table 2, BFI =
44 percent) from alluvial springs that occur a short
distance upstream from the gage.

Data are presented for seven gages representative
of the artesian spring setting (table 2). The loss zone
and artesian spring settings are grouped together in
figure 12 because many artesian springs are located
along stream channels that are influenced by stream-
flow losses upstream. Of the artesian springs, daily
flow variability (fig. 13) is smallest for Cox Lake
(06430540) and Cascade Springs (06400497), which
are located in extremely small drainages with no influ-
ence from streamflow losses. Four of the gages are
located in larger drainages downstream from loss
zones, and one gage (Fall River, 06402000) heads pre-
dominantly within the loss zone setting. All five of
these gages show minor influences from occasional
storm flows (fig. 13). The influence of minor irrigation
diversions along Stockade Beaver Creek (06392950)
during late spring and summer months can be discerned
in the monthly hydrographs (fig. 14).

The exterior setting is considered to be the area
beyond the outer extent of the outcrop of the Inyan
Kara Group, which coincides with the outer extent of
the area for the loss zone/artesian spring setting
(fig. 12). One of the exterior basins consists of a sub-
basin on Elk Creek (table 2) located between stations
06425100 and 06425500 (fig. 12), with flow character-
istics determined (when possible) using calculated flow
differences between the two gages. For the exterior
setting, daily flows for representative gages vary by
more than four orders of magnitude (fig. 13) and zero-
flow conditions are common, which is consistent with
BFI’s that typically are small (table 2). Large vari-
ability in monthly and annual flows also is character-
istic for this setting (figs. 14 and 15). Annual basin
yields are smaller than for most other settings (table 2),
which is consistent with smaller precipitation and
larger evaporation rates at lower altitudes. Many of
these sites also are affected by minor irrigation with-
drawals.

Responses to Precipitation

This section primarily addresses responses of
streamflow to precipitation, including quantification of
relations between streamflow and precipitation and
examination of annual yield characteristics, which are
heavily influenced by precipitation patterns. Long-
term trends are examined first, however, to evaluate
potential for bias resulting from short-term streamflow
records.
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Long-Term Trends

The potential for bias in analysis of streamflow
data exists because many streamflow records for the
Black Hills area have relatively short periods of record
(table 2) that are biased towards wet climatic condi-
tions that have prevailed since about 1990 (fig. 10). A
perspective on long-term trends is provided by
figure 16, which shows comparisons between annual
streamflow and basin precipitation for three long-term
gages on Battle, Castle, and Spearfish Creeks. It is
apparent that flows during the 1990’s are considerably
larger than the long-term averages for these streams.
Thus, readers are cautioned that flow data and charac-
teristics for some gages (especially those with short
periods of record) may not necessarily be representa-
tive of long-term conditions.

Relations between streamflow and precipitation,
which are examined in the following section, also can
be heavily influenced by short-term data sets. Many of
the data sets considered are for short periods of record
during recent years that may be biased towards wet
climatic conditions. Relations between streamflow and
precipitation are well defined for many sites, however,
because relatively dry conditions also are well repre-
sented in most data sets. This is apparent from exami-
nation of table 18, which presents annual precipitation
and ranks for the study area and those parts of the six
counties within the study area. For the period 1985-98,
during which many gages were operational, 1985,
1988, and 1994 were particularly dry for all counties.
For 1931-98, drier conditions generally have occurred
only during 1949-61 or during the 1930’s.

The shortest streamflow records considered
(table 2) are for stations 06430532, Crow Creek
(1993-98) and 06430540, Cox Lake (1991-95), both of
which include water year 1994. Periods of record are
longer for all other gages. Thus, although mean condi-
tions for some gages may be slightly biased towards
wet climatic conditions, the range of conditions repre-
sented generally includes both wet and dry periods.

Relations Between Streamflow and Precipitation

Relations between streamflow and precipitation
are examined in this section for drainage basins repre-
sentative of the five hydrogeologic settings. Relations
also are examined for “combination” basins, where
streamflow is affected by diversions, regulation, or a
combination of hydrogeologic settings.
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Figure 16. Long-term streamflow and precipitation trends
for Battle, Castle, and Spearfish Creeks.
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Annual streamflow records for all gaging sta-
tions considered (table 2, fig. 12), along with estimated
precipitation amounts for the associated drainage areas,
are presented by hydrogeologic setting in tables 19-24.
For some gages, additional years of precipitation data
also are presented, for purposes described in subse-
quent discussions. Annual runoff efficiency (the ratio
of annual basin yield to precipitation, expressed as a
percent) also is presented with the exception of artesian
spring basins, for which runoff efficiencies are not
meaningful.

Four graphs showing relations between stream-
flow and precipitation for each of the six representative
gages for the limestone headwater setting are presented
in figure 17. The first graph for each gage is a scatter
plot showing the linear regression between annual
streamflow (dependent variable, in cubic feet per
second) and precipitation (independent or explanatory
variable, in inches). Regression equations (in the form
of y = mx + b) are provided on each graph, along with
the coefficient of determination (rz), which represents
the percentage of variability of the dependent variable
explained by the independent variable. P-values also
are provided, which indicate the statistical significance
of the slopes (p-values <0.05 indicate a >95.0 percent
probability of non-zero slopes). The 12 values and
p-values provide consistent indications of generally
weak relations between annual streamflow and precip-
itation for this setting, which results primarily from the
large influence of ground-water discharge, which
responds very slowly to changes in precipitation
patterns.

The second graph for each gage (fig. 17) shows
12 values for a series of regression analyses using
“moving-average” precipitation as an explanatory vari-
able for annual streamflow. The 1-year averages are
simply the current year’s precipitation, with 12 values
that are identical to those for the first graphs. The
2-year averages are computed by averaging precipita-
tion for 2 years (current and previous); the 3-year
averages are computed by averaging precipitation for
3 years (current and 2 previous); and so on. For all
gages, the 12 values generally improve, to a point, as
additional years are included in the averages.

The third graph for each gage (fig. 17) shows a
scatter plot, regression equation, and statistics for the
best-fit, moving-average regression. Using Castle

Creek as an example, the best fit is for the 3-year
moving average, for which r? has improved to 0.58 and
the p-value is much less than 0.001, indicating a prob-
ability in excess of 99.9 percent that the slope of the
regression line is not due to chance. The best-fit
averages range up to 11 years for Beaver Creek and
Cold Springs Creek. The p-value for Beaver Creek
(0.063) indicates a marginally significant slope (about
94 percent probability of non-zero slope); however,
slopes for best-fit averages for all other gages are
highly significant.

The fourth graph for each gage (fig. 17) shows
annual streamflow, precipitation, and the best-fit
moving-average precipitation. Castle Creek shows
more response to annual precipitation variability than
the other gages, which is consistent with the 3-year
best-fit moving average (the shortest among the lime-
stone headwater gages). This probably results from the
physical nature of this drainage basin, which includes a
substantial area representative of the crystalline core
setting (fig. 12), where response to changing precipita-
tion patterns is relatively rapid.

Many of the limestone headwater gages have
short periods of record, and numerical relations
between streamflow and moving-average precipitation
may change substantially if additional years of record
become available for future analysis. It can be con-
cluded, however, that cumulative, long-term precipita-
tion patterns are much more important than short-term
patterns for explaining streamflow variability in the
limestone headwater setting. This concept is consistent
with the hydrogeologic setting, where streamflow is
dominated by headwater springflow.

Graphs showing relations between annual
streamflow and precipitation for 12 gages representa-
tive of the crystalline core setting are presented in
figure 18. Each graph includes a linear regression line,
along with the corresponding equation and 12 value.
All of the slopes are highly significant; thus, p-values
are not shown. The minimum r? value is for Beaver
Creek (06402430), where 52 percent of the variability
in annual streamflow can be explained by annual pre-
cipitation. The BFI (73 percent) for this gage is the
largest among the crystalline core setting (table 2),
which is consistent with the weak correlation between
annual streamflow and precipitation.
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Beaver Creek at Mallo Camp, near Rhoads Fork near Rochford
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Figure 17. Relations between streamflow and precipitation for limestone headwater basins.
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Castle Creek above Deerfield Reservoir, Cold Springs Creek at Buckhorn, Wyo.

near Hill City (06409000) (06429500)
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Figure 17. Relations between streamflow and precipitation for limestone headwater basins.--Continued
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An exponential regression curve, along with the
corresponding equation and r? value, also is shown on
each graph in figure 18. All of the linear regression
equations have negative y-axis intercepts, which results
in a general tendency to predict negative streamflow for
small values of annual precipitation. All of the expo-
nential equations would predict small, positive stream-
flow for zero precipitation (which is not realistic), but
avoid prediction of negative streamflow in the lower
range of typical annual precipitation. Predicted stream-
flow values for the linear equations slightly exceed the
exponential predictions through most of the middle of
the range of precipitation values; however, the expo-
nential predictions generally become larger than the
linear predictions near the upper end of the range of
measured precipitation values.

Each graph in figure 18 also includes a curve
labeled “runoff efficiency prediction,” which is derived
from linear regression equations of runoff efficiency as
a function of precipitation. Regression lines for the 12
representative crystalline core basins are shown in
figure 19; regression equations and r? values are pro-
vided in table 3. Correlations between runoff effi-
ciency and precipitation are consistently positive and
statistically significant; however, the r? values are con-
sistently weaker than for the streamflow/precipitation
regressions because of the use of precipitation as a
divisor.

Figure 19 indicates that within each basin, runoff
efficiency increases with increasing annual precipita-
tion, and that basins with higher precipitation generally
have higher efficiencies. Both scenarios are physically
realistic. Given increasingly large precipitation, runoff
efficiencies would eventually approach 100 percent as
annual evapotranspiration was increasingly exceeded.
The highest runoff efficiencies in the Black Hills area
are in the highest altitudes, where evapotranspiration
rates are smallest; however, total evapotranspiration

can be larger than in lower altitudes, because of
increased availability of water.

The equations in table 3 predict runoff efficiency
as a percentage of precipitation, which requires
additional manipulation for use in figure 18, where
streamflow is plotted in cubic feet per second. Using
20.0 inches of precipitation for Beaver Creek
(06402430) as an example, predicted runoff efficiency
is 2.16 percent, which would produce 0.432 inch of
runoff from the 45.8 mi? drainage basin (table 2), or the
equivalent of 1.46 ft3/s on an annual basis.

The runoff efficiency predictions generally are
intermediate between the linear and exponential regres-
sion lines and tend to approximate the linear predic-
tions very closely through most of the measured
precipitation ranges (fig. 18). Runoff efficiency pre-
dictions are unrealistic (slightly negative) for very low
precipitation values, but are consistently positive for
the measured ranges of precipitation. The runoff
efficiency predictions and exponential equations both
impart a curvilinear characteristic that is apparent for
the gages with longer records, such as Battle, Grace
Coolidge, and Boxelder Creeks.

The linear and exponential equations are summa-
rized in table 3, with streamflow expressed in inches,
rather than cubic feet per second (fig. 18), which allows
generic comparison of regression equations. The 2
values for both equation types are independent of units
and are the same for each gage, as are the exponents for
the exponential regressions. For the exponential equa-
tions, the coefficients are inversely correlated with the
exponents and tend to increase with increasing basin
yield, as shown for selected basins (fig. 20). For the
linear regression equations, increasing yields generally
are associated with decreasing intercepts and
increasing slopes.
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Figure 20. Relations among selected variables derived from
exponential and linear regression analyses for crystalline
core basins.

Regression information also is presented in
table 3 for multiple linear regressions of annual flow
(in inches) as a function of current and previous year’s
precipitation. Coefficients for previous precipitation
are realistic (positive, indicating increased flow with
increased precipitation) for all stations except Bear
Gulch. Improvements in R? values generally are small,
and previous precipitation is statistically significant at
the 95-percent level (p < 0.05) only for Boxelder and
Whitetail Creeks. Thus, it can be concluded that pre-
cipitation during the previous year generally has only
minor influence on annual streamflow for crystalline
core basins.

Antecedent precipitation and streamflow condi-
tions would be useful for prediction of monthly flow
for some crystalline core basins. As an example, R?
values for three regression scenarios for monthly flow
of Battle Creek are presented in figure 21. Monthly
flow and precipitation data used in monthly regression
analyses for Battle Creek are provided in table 25 in the
Supplemental Information section. Using only
monthly precipitation as an explanatory variable, R?
values are very low for the winter months of November
through February, when precipitation generally is min-
imal and may be stored as snow or ice. Including the
previous month’s streamflow as an explanatory vari-
able improves R? values considerably for these and
several other months because of high serial correlation
values for these months (Miller and Driscoll, 1998).
Including the previous month’s precipitation also
improves R2 values for most months; however,
improvements generally range from similar to much
smaller than what could be obtained by using anteced-
ent streamflow.

Graphs showing relations between streamflow
and precipitation for the two gages representative of the
loss zone setting are presented in figure 22. It is
apparent that low-flow and zero-flow years are
common, with substantial flows occurring only when
upstream flows are sufficiently large to sustain flow
through loss zones. A power equation and associated
12 value is shown for each gage, which provide reason-
able fits for the nonlinear data.
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Two graphs showing relations between stream-
flow and precipitation for each of seven gages repre-
sentative of the artesian spring setting are presented in
figure 23. Surface drainage areas are very small for
Cascade Springs (0.47 miz) and Cox Lake (0.07 miz)
relative to annual flow (table 2). Thus, annual precipi-
tation for these gages is arbitrarily represented by pre-
cipitation over Fall River and Lawrence Counties,
respectively. Precipitation distributions were not per-
formed for the two gages that are located in Wyoming
(Stockade Beaver Creek and Sand Creek). For these
gages, precipitation estimates were derived by
averaging values for individual measurement sites
presented by Driscoll, Hamade, and Kenner (2000,

p. 7), which included sites 53 and 81 for Stockade
Beaver Creek and sites 53, 61, and 89 for Sand Creek.

The first graph in figure 23 for each gage is a
scatter plot showing the linear regression between
annual flow and precipitation. Correlations between
the two variables are very weak, with most 12 values
less than 50 percent and slopes of regression lines that
are consistently nonsignificant, with all p-values
greater than 0.05. Correlations between flow and
moving-average precipitation might be stronger than
annual relations for some sites, as indicated by time-
trend plots of flow and precipitation that also are
presented for each gage. Possible relations are not

Table 4. Summary of regression information for exterior basins

examined, however, because of generally short periods
of record and inaccuracies associated with estimating
precipitation over unknown contributing ground-water
areas. Fall River had a declining trend for many years,
but has shown recent response to the extremely wet
climatic conditions during the 1990’s. Peterlin (1990)
investigated possible causes for the declining stream-
flow in Fall River that occurred during about 1940-70
(fig. 23), but was unable to conclusively determine
causes.

Scatter plots showing linear regressions between
annual flow and precipitation for six gages representa-
tive of the exterior setting are presented in figure 24.
The 12 values generally are weak; however, the
p-values indicate that all slopes are statistically signifi-
cant. Multiple linear regression analyses also were
performed, with the previous year’s precipitation tested
as an additional explanatory variable. This improved
relations significantly only for Hay and Bear Butte
Creeks, as shown in table 4.

Relations between annual runoff efficiency and
precipitation for exterior basins are shown in figure 25.
Runoff efficiencies generally are lower than for the
crystalline core basins (fig. 19) because of generally
lower precipitation, increased evaporation potential,
and minor irrigation withdrawals.

[Multiple regression is for annual flow, in cubic feet per second, as a function of current and previous year’s precipitation, in inches; simple regression is for
runoff efficiency in percent, as a function of precipitation, in inches. NA, not applicable; Int, intercept; <, less than; --, no data]

Multiple linear regression

Annual runoff efficiency

S satonname S e

Coefficient p-value Coefficient p-value r? Slope Int

06400000 Hat Creek -- -- -- -- - - 0.10 0.126  -0.76
06400875 Horsehead Creek -- -- -- -- -- -- 42 487 -6.04
NA Elk Creek (subbasin) -- -- -- -- - - .36 310 -3.68
06433500 Hay Creek 0.54 0.033 <0.001 0.011 0.052 -0.60 41 125 -1.37
06436700 Indian Creek -- -- -- -- -- -- .19 782 -6.64
06437500 Bear Butte Creek 5 .148 <.001 .052 .022 -3.75 .56 456 -7.15
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Figure 23. Relations between annual streamflow and precipitation for artesian spring basins.
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Sand Creek near Ranch A, near Beulah, Wyo. (06429905)
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Figure 25. Relations between annual runoff efficiency and precipitation for exterior basins.

Scatter plots showing linear regressions between
annual flow and precipitation for the 10 “combination”
gages are presented in figure 26. Many of the gages are
downstream from “representative” gages, but include a
mix of hydrogeologic conditions (table 5). Many also
are affected to some extent by regulation or diversions.
Effects of regulation for Rapid Creek above Pactola
Reservoir (06410500) have been accounted for by
adjusting for annual storage changes in Deerfield
Reservoir.

Correlations between streamflow and precipita-
tion for many of the combination gages are stronger
than for representative gages located upstream. In
some cases this results from substantial diversions,
which tend to be larger during drier years. An example
is Beaver Creek near Buffalo Gap (r2 =0.70), which is
downstream from Beaver Creek above Buffalo Gap
where flow is influenced almost entirely by artesian
springflow and the correlation with precipitation (2=

0.49) is fairly weak (fig. 23). Redwater River also has
relatively small variability in flow during base flow
months (Miller and Driscoll, 1998); however, irrigation
diversions during summer months contribute to vari-
ability in annual flow, which correlates fairly well with
precipitation.

Multiple linear regression analyses also were
performed (table 5), with the previous year’s precipita-
tion tested as an additional explanatory variable. The
p-values indicate that previous precipitation is statisti-
cally significant at the 90-percent level (p <0.10) for all
but one gage (Elk Creek near EIm Springs) and most of
the R? values show substantial improvements.

Correlations between annual streamflow and
precipitation are fairly strong for Battle Creek (* =
0.64), in spite of influence from loss zones and artesian
springs, which generally weaken the correlations.
Including previous precipitation improves predict-
ability only slightly (R%=0.68). In contrast, the annual
correlation for Elk Creek near Rapid City, which has
similar hydrogeologic influences, is fairly weak
(r* = 0.46); however, predictability improves consider-
ably by including previous precipitation (R?=0.64).

Relations between streamflow and moving-
average precipitation were not explored for the combi-
nation gages, but could improve predictability for
gages that are strongly influenced by springflow. Sim-
ilarly, curvilinear characteristics are apparent for
several of the gages; however, curve-fitting techniques
were not explored.
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50 Hydrologic Conditions and Budgets for the Black Hills of South Dakota, Through Water Year 1998



"SUOISIOATP UONES LT JOUTU £ PIIOJJE OS[E MO,

(8661 “[109SLI( PUE SSOULIOH) [EUIIUT AIE SISSO[ “IOADMOY (DUOZ SSO] WIOI) WEANSUMOP PIJEIO] NS,

"suseq YooID Ysyreadg pue Y[g ‘prdey WoIj urseq ojuT SUOTSIOAIp £q IV MOL],

*03e101S UI SOUBYD [ENUUE 10 JUNOOOE 0) PASTIPE UGG OARY SPI0IAI MO[J TOAIMOY SII0AIOSOY P[OYIAR( JO UoNEIdO AQ PRIOAJJe MOL

SUOISIAI( IOL)XH

LLOY- 810° esL 100> €6C°C LY ‘OUOZ SSOTT  */SUOISIOAI( “QUI[[RISAL)) ‘101empeaH] 9[EA SA0QE 317 POOMAIYM  8619€Y90

¥8°0S- 800° S60°T 100> LoL'T €8’ - SUOISTOAI( “QUI[[RISATY) “10TemMPEIH POOMPEI(T 1B }32I) POOMAIYM  0LT9EYI0
SUOISIQAL(] “JOLIAIXYH ‘URISAIY

00°0¢I- 100> ISTy 100> ¥68°9 L - ‘QUOZ SSOT ‘QUI[[BISAI)) ‘10JempPedH 9UDIN0OA ([ 9A0qE IoATY IjeMpay  000€€190

98'6¢- 100> 41! 100> €e0'C 9 Qu0Zz SSO SUOISIOAL(] ‘QUI[EISAI)) ‘I1o1eMPEOH ysyreadg Je yoa1) ysyreads  00SIEF90

L8'L8- e 010°1 100> €9y 123 SUOISTOAI JOLIRIXY ‘URISAUY “QUOZ SSO] sundg wig reau Y221 (A 00$STHI0

LTIL- 110 LT9'1 100> §09'C 9’ SUOISISAIQ UBISOMY ‘QUOZ SSO] LD prdey 1edu a1 N1 001STH90

96T G380’ 418 6€0° 144% 99 - SUOISIDAL(] ‘JJOUNI Ueqi(] ‘UBISAIY KD prdey Je ‘yinour Je yoa1) oW 0S9ETH90

6v'C8- 100> orce 100> 186°¢ 89° SUOISIOAI (uonen3ay ‘aulf[eIsA1) INeMpedH  II0AIASSY B[01OE] 9A0QE N221D) pidey  00S01+90

ey'ce- [430% (94 100> 1281 89° SUOISIoAI UBISALLY QUOZ SSO] BSOULIOY Je Y1) oed 00090790

8¥°0- 2000 101°0 100°0> €Ce0 0L°0 QU0Z SO SUOISISAL( ‘UBISAMY de ofeyng 1eau Y1) IoALdg  00STOTI0

anjea-d J20) anjena-d J20) JOUIy lolepy
H uoh uoneudioaid uaiin)y Nm_ aweu uonels equinu

-epdioald snoinaud uoneils

saouanjjul d160j0ab0IpAH

uoissaibai Jeau| aidnnpy

[eyep ou ‘-- ‘uey ss9[ > 9dooIa)uT U USIONFA0 ‘Jo0) “seyodul ur ‘uoneiderd s Jeak snoraard pue Juarnd Jo uonoUNJ © Sk ‘puodes Jod J99) JIqND UT ‘MO[J [enUUE J0J ST UoTssaIgar opdnyniA]

suiseq UollBUIqUIOD 10} uolew.loul uoissalbal adiyinw pue sasuanjuil d1b6ojoaboipAH "G 9|gel

51

Streamflow Response to Precipitation



Annual Yield Characteristics

Annual yield characteristics are highly variable
throughout the study area, primarily because of oro-
graphic effects, which influence both precipitation and
evapotranspiration. Evaluation of yield characteristics
is complicated by the bias in some short-term stream-
flow records caused by wet climatic conditions during
the 1990’s. Relations between annual runoff efficiency
and precipitation provide a basis, however, for a
method of systematically estimating yield potential
from annual precipitation, which was used for develop-
ment of hydrologic budgets, as described in subsequent
sections of this report.

Annual flow data for basins that are representa-
tive of hydrogeologic settings (table 2) are provided in
tables 19-24. Yield data for selected gages that are
used for analysis of yield characteristics are summa-
rized in table 6. Selected gages include all of the lime-
stone headwater and crystalline core gages except Bear
Gulch, where yield characteristics were altered by
effects of a large forest fire. Of the exterior basins, the
Elk Creek subbasin and Indian Creek are excluded and
all of the loss zone, artesian spring, and combination
gages are excluded because yield characteristics are not
necessarily representative of areal conditions. Station
06395000, Cheyenne River at Edgemont, which is
listed with “other” streamflow-gaging stations in
table 2, is included for analysis of yield characteristics.

Mean annual basin yields that are based on
surface drainage areas for periods of measured record
are shown in figure 27, along with estimated yield effi-
ciencies for 1950-98 (table 6), which are taken from
Carter, Driscoll, and Hamade (2001). For basins where
contributing surface- and ground-water areas are
assumed to be congruent, yield efficiency is considered
equivalent to runoff efficiency. Yield efficiencies for
1950-98 could be calculated directly for only two gages
(Cheyenne River and Castle Creek), which have suffi-
cient periods of record. For most gages, precipitation
records for 1950-98 were used in conjunction with rela-
tions between runoff efficiency and precipitation
(determined from available streamflow and precipita-
tion data), to derive estimates of annual yield, from
which yield efficiencies were calculated. This method

compensates for the climatic bias for short-term gages
such as Elk Creek, where yield efficiency for 1950-98
is estimated as 21.5 percent (fig. 27, table 6), compared
with 26.3 percent for 1992-98 (table 20), which is the
period of streamflow record. Yield efficiencies for
most of the limestone headwater gages are simply
averages for the available periods of record, because
relations between yield efficiency and precipitation for
this setting generally are very weak or unrealistic.

It is apparent from examination of figure 27 that
the largest yields are in the high altitudes of the
northern Black Hills, where precipitation is largest
(fig. 7). It also is apparent that calculated yields and
efficiencies are highly variable along the Limestone
Plateau, which results from incongruences between
contributing ground- and surface-water areas. Carter,
Driscoll, Hamade, and Jarrell (2001) presented esti-
mates of contributing ground-water areas for the four
limestone headwater gages in South Dakota (table 6).
These estimates were derived from delineations of con-
tributing areas (fig. 28) by Jarrell (2000), which were
based primarily on dips of the underlying Ordovician
or Cambrian strata.

Table 6 shows adjusted estimates of yield and
yield efficiency for the four limestone headwater gages
for which estimates of contributing ground-water areas
are available. With these adjustments, yield efficien-
cies closely resemble those for nearby gages dominated
by direct runoff. This was used as the basis of an
assumption by Carter, Driscoll, and Hamade (2001)
that the runoff efficiency of streams dominated by
direct runoff can be used as a surrogate for the effi-
ciency of precipitation recharge to the Madison and
Minnelusa aquifers. This concept is schematically
illustrated in figure 29. For areas where direct runoff is
negligible, yield efficiency is considered equivalent to
the efficiency of precipitation recharge. Precipitation
recharge that occurs east of the ground-water divide
(fig. 28) contributes to headwater springflow in gener-
ally easterly flowing streams; however, infiltration of
precipitation west of the divide contributes to generally
westerly ground-water flowpaths.
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Figure 29. Schematic diagram illustrating recharge and streamflow characteristics for selected outcrop types.

A contour map of generalized yield efficiency
for the study area is presented as figure 30. Mapped
contours are representative of estimated yield efficien-
cies for contributing surface- or ground-water areas
(table 6) upgradient from gages. The map is taken from
Carter, Driscoll, and Hamade (2001), who also consid-
ered precipitation patterns and topography in con-
touring. The generalized yield efficiency contours,
with several minor exceptions, provide a reasonable fit
with calculated efficiencies (table 6). Calculated
efficiencies for the two limestone headwater gages in
Wyoming (sites 1 and 14) are slightly lower than
mapped efficiencies, which probably result from incon-
gruences between contributing ground- and surface-
water areas. For Annie Creek (site 16), the calculated
yield efficiency (16.4 percent) is lower than for other
nearby streams, which may result from extensive
mining operations that utilize substantial quantities of
water through evaporation for heap-leach processes.
For Hay Creek (site 19), the calculated yield efficiency
(1.0 percent) is notably lower than the mapped con-
tours, which probably results from precipitation
recharge to outcrops of the Inyan Kara Group (fig. 3).

Carter, Driscoll, and Hamade (2001) used
relations between yield efficiency and precipitation in
developing a GIS algorithm for systematically esti-
mating annual recharge from infiltration of precipita-
tion, based on annual precipitation on outcrop areas.

Linear regression and best-fit exponential equations
were determined for 11 basins, which include all of the
representative crystalline basins (table 2), except Bear
Gulch. Exponential equations were in the form of:

P 1 n
YEannual = [Pannua i| ><YEaverage (1)

average

where
YE ... = annual yield efficiency, in percent;
P mua = annual precipitation, in inches;
Payverage = average annual precipitation for 1950-98,
in inches;
YE, erage = average annual yield efficiency for
1950-98, in percent; and
n = exponent.

Best-fit exponents ranged from 1.1 for Elk Creek
to 2.5 for Spring Creek. An exponent of 1.6 was
chosen as best representing the range of best-fit expo-
nents (Carter, Driscoll, and Hamade, 2001), which
allowed a systematic approach to estimation of annual
recharge. Scatter plots with the linear regression lines,
best-fit exponential curves, and exponential curves
using an exponent of 1.6 are shown in figure 44 in the
Supplemental Information section. The three methods
provide very similar results through the mid-range of
measured precipitation values, with the largest differ-
ences occurring for the upper part of the range.
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The spatial distribution of average annual yield
potential for the Black Hills area is shown in figure 31.
Average annual recharge from infiltration of precipita-
tion on outcrops of the Madison Limestone and Min-
nelusa Formation is shown as an example. Estimates
were derived by Carter, Driscoll, and Hamade (2001)
using a GIS algorithm that compared digital grids
(1,000-by-1,000 meters, including outcrop areas in
Wyoming) for annual precipitation, average annual
precipitation (fig. 7), and average annual yield effi-
ciency (fig. 30). Annual recharge rates for individual
grid cells ranged from 0.4 inch at the southern
extremity of the outcrops to 8.7 inches in the northern
Black Hills. Although this “yield-efficiency algo-
rithm” was developed initially for estimating precipita-
tion recharge for the Madison and Minnelusa aquifers,
applications for estimating streamflow yield and
recharge for other aquifers also are appropriate and are
utilized later in this report.

HYDROLOGIC BUDGETS

Various hydrologic budgets are presented in this
section, including ground-water budgets, surface-water
budgets, and combined ground- and surface-water bud-
gets for the entire study area. A general evaluation of
budget estimates also is provided. The primary period
for budgets is water years 1950-98; however, other
periods are occasionally considered for selected pur-
poses. All hydrologic budgets that are presented are
developed from the following basic continuity equa-
tion, which states that for a designated volume:

Zinflows — XOutflows = AStorage 2)

where:
ZInflows = sum of inflows;
ZOutflows = sum of outflows; and
AStorage = change in storage.

Thus, a positive ASforage results when inflows exceed
outflows.

Ground-Water Budgets

Ground-water budgets are developed for five
major, sedimentary bedrock aquifers (Deadwood,
Madison, Minnelusa, Minnekahta, and Inyan Kara
aquifers) and for additional minor aquifers within the
Jurassic-sequence semiconfining unit and Cretaceous-
sequence confining unit. A ground-water budget also
is provided for localized aquifers within the crystalline

core area, which is dominated by Precambrian igneous
and metamorphic rocks, but also includes Tertiary
igneous rocks, erosional remnants of various sedimen-
tary rocks, and minor, unconsolidated sedimentary
deposits. These localized aquifers are subsequently
referred to as the crystalline core aquifers. A combined
budget is presented for the Madison and Minnelusa
aquifers because most of the budget components
cannot be quantified individually for these two aqui-
fers. This budget is presented first because of the com-
plexity and importance of the Madison and Minnelusa
aquifers as an influence on the hydrology of the study
area.

Budgets are for the period 1950-98, during
which changes in ground-water storage are assumed to
be negligible. As previously discussed, ground-water
levels may fluctuate in response to precipitation pat-
terns (figs. 39-43); however, major long-term trends
are not apparent. In addition, annual changes in storage
are small, when averaged for the period considered.
The ground-water budgets generally are developed
specifically for the study area; however, areas outside
of the study area boundary are considered for selected
purposes.

Various inflow and outflow components for
ground-water budgets are schematically illustrated in
figure 5. Inflow components can include recharge,
vertical leakage from adjacent aquifers, and lateral
ground-water inflow across the study area boundary.
Recharge, which occurs at or near land surface, can
include infiltration of precipitation on outcrops of the
bedrock units and streamflow recharge resulting from
streamflow losses that occur where streams cross
aquifer outcrops. Streamflow recharge is quantified
only for the Madison and Minnelusa aquifers. Stream-
flow recharge for other aquifers generally is small and
cannot be quantified because of insufficient informa-
tion.

Outflow components can include springflow,
well withdrawals, vertical leakage to adjacent aquifers,
and lateral ground-water outflow across the study area
boundary (fig. 5). Springflow can include headwater
springs and artesian springs. Headwater springs, which
generally occur near the base of the Madison Lime-
stone in the Limestone Plateau area, are considered an
outflow component for only the Deadwood, Madison,
and Minnelusa aquifers. Artesian springs, which con-
stitute a form of leakage but are treated as a separate
component because of magnitude and measurability,
are considered an outflow component for only the
Madison and Minnelusa aquifers.
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Figure 31. Estimated annual yield potential for the Black Hills area, water years 1950-98 (from Carter, Driscoll, and
Hamade, 2001). Average annual recharge from precipitation on outcrops of the Madison Limestone and Minnelusa

Formation is shown as an example.
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Vertical leakage to and from adjacent aquifers is
difficult to quantify and cannot be distinguished from
ground-water inflows or outflows. Thus, for budget
purposes, leakage is assumed to be small relative to
other budget components and is included with ground-
water inflows and outflows. Assuming that AStorage
is equal to zero, the sum of the inflows is equal to the
sum of the outflows, and the hydrologic budget
equation can be written as:

Ground-water .y - Ground-water;,¢,, = Recharge

- Headwater springflow
- Artesian springflow - Well withdrawals 3)

The terms on the right side of equation 3 gener-
ally can be quantified more accurately than the terms
on the left. Therefore, net ground-water flow (outflow
minus inflow) from the study area can be calculated as
the residual, given estimates for the other budget com-
ponents.

Because outcrops of the bedrock units are not
entirely continuous throughout the study area, esti-
mating precipitation recharge requires delineation of
outcrop areas where effective recharge occurs. Within
the crystalline core area, numerous erosional remnants
of sedimentary outcrops occur that are “isolated” from
regional ground-water flow systems (fig. 3). Precipita-
tion recharge is prescribed only for “connected” out-
crops and is not prescribed for isolated outcrops.
Connected outcrops of the Madison Limestone and
Minnelusa Formation, including outcrop areas in
Wyoming, are shown as an example in figure 31. Infil-
tration of precipitation on isolated outcrops is assumed
to contribute to streamflow, which eventually has
potential to provide streamflow recharge to the
Madison and Minnelusa aquifers.

Additional methods beyond identification of iso-
lated and connected outcrop areas are used in quanti-
fying precipitation recharge for the Deadwood aquifer.
Spearfish, Little Elk, and Meadow Creeks are deeply
incised within the Deadwood Formation, and some
portion of infiltrated precipitation is presumably dis-
charged as base flow to these streams. Therefore, for
outcrops of the Deadwood Formation within the
Spearfish Creek, Little Elk Creek, and Meadow Creek
Basins, it is arbitrarily assumed that 50 percent of infil-
trated precipitation contributes to headwater springs

and 50 percent contributes to recharge of the Dead-
wood aquifer.

Budget for Madison and Minnelusa Aquifers

Recent investigations have provided extensive
information regarding various budget components for
the Madison and Minnelusa aquifers in the Black Hills
area. Recharge estimates for 1931-98 were presented
by Carter, Driscoll, and Hamade (2001) and hydrologic
budgets for 1987-96, when change in storage was
assumed negligible, were presented by Carter, Driscoll,
Hamade, and Jarrell (2001). For both of these efforts,
however, outcrop areas within Wyoming were con-
sidered. Thus, for the purposes of this report, various
modifications of previous budgets are used to estimate
long-term (1950-98) budget components for the study
area of the Black Hills Hydrology Study (fig. 1), which
is entirely in South Dakota.

As an initial step, the comprehensive 1987-96
budget (table 7) developed by Carter, Driscoll,
Hamade, and Jarrell (2001), which includes an area in
Wyoming, is modified to apply to 1950-98. Carter,
Driscoll, and Hamade (2001) provided recharge esti-
mates for 1950-98, with average streamflow and pre-
cipitation recharge estimated as 98 and 271 ft/s,
respectively. Headwater springflow is estimated as
72 ft3/s on the basis of a ground-water divide in the
Limestone Plateau area (fig. 28) identified by Jarrell
(2000). Headwater springflow is derived by applying
the yield-efficiency algorithm (which utilizes
equation 1) to determine recharge estimates, with
recharge east of the divide assumed to result in dis-
charge to headwater springs along the eastern fringe of
the Limestone Plateau. West of the divide, a generally
westerly ground-water flow direction is assumed, with
no contribution to headwater springs. Thus, net
recharge of 297 ft3/s can be calculated by subtracting
headwater springflow from the sum of streamflow and
precipitation recharge.

The previous estimates by Carter, Driscoll,
Hamade, and Jarrell (2001) for well withdrawals
(28 ft3/s) and net ground-water outflow (100 ft3/s)
also are applicable for 1950-98 (table 7). Well with-
drawals for domestic and municipal use, especially in
the Rapid City area, have increased somewhat in recent
years; however, various flowing wells in the study
area have been plugged during recent years, which
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Table 7. Hydrologic budgets for Madison and Minnelusa aquifers for three budget scenarios

Units Streamflow  Precipitation Hea_dwater Net ) Well groun':i\t/vater Ar_tesian
recharge recharge springflow recharge withdrawals outflow springflow

Black Hills of South Dakota and Wyoming, Water Years 1987-96!

Acre-feet per year 75,300 210,800 56,500 229,600 20,300 72,400 136,900

Cubic feet per second 104 291 78 317 28 100 189
Black Hills of South Dakota and Wyoming, Water Years 1950-98

Acre-feet per year 71,000 196,300 52,200 215,100 20,300 72,400 122,400

Cubic feet per second 98 271 72 297 28 100 169

Black Hills of South Dakota, Water Years 1950-98
Acre-feet per year 66,600 144,900 56,500 155,000 20,300 41,900 92,800
Cubic feet per second 92 200 278 214 28 58 128

IFrom Carter, Driscoll, Hamade, and Jarrell, 2001.

%Includes 6 cubic feet per second of discharge for Beaver Creek and Cold Springs Creek in South Dakota, which subsequently recharges Minnelusa
aquifer a short distance downstream in Wyoming. Thus, this flow is treated as a discharge for South Dakota; however, discharge and recharge are offsetting

when both South Dakota and Wyoming are considered.

approximately offsets this increase (Jim Goodman,
South Dakota Department of Environment and Natural
Resources, oral commun., 2001). The net ground-
water outflow term is assumed constant because
changes in hydraulic gradient near the study area
boundary can reasonably be assumed to be negligible.
With these terms and recharge quantified, artesian
springflow for 1950-98 can be calculated as 169 ft3/s
using equation 3. This value is slightly less than the
estimate of 189 ft/s for 1987-96, during which wetter
climatic conditions prevailed.

A 1950-98 budget for the study area (excluding
Wyoming) can now be developed by modification of
various components (table 7). Streamflow recharge is
estimated as 92 ft/s by subtracting 6 ft3/s of stream-
flow recharge that occurs in Wyoming (Carter,
Driscoll, and Hamade, 2001). Precipitation recharge is
estimated as 200 ft>/s by applying the yield-efficiency
algorithm to outcrops of the Madison Limestone and
Minnelusa Formation in South Dakota; relatively large
precipitation recharge (about 71 ft3/s) also occurs in
outcrops in Wyoming (fig. 31). Headwater springflow
is increased to 78 ft'/s to include an estimated average
of 6 ft3/s that is discharged by Beaver and Cold Springs
Creeks within South Dakota (fig. 12, table 19).

Discharge of these springs was not included in previous
budgets because of subsequent recharge to the
Minnelusa aquifer that occurs in streamflow loss zones
just downstream from the gaging stations in Wyoming.
Net recharge for the study area can then be calculated
as 214 ft’/s.

The previous estimates of well withdrawals by
Carter, Driscoll, Hamade, and Jarrell (2001) can be
used because these estimates excluded withdrawals in
Wyoming, which are relatively minor within the area
that was considered. Artesian springflow in Wyoming
(Stockade Beaver Creek and Redwater Creek) is esti-
mated as 41 ft>/s for the period 1950-98. Springflow
along Stockade Beaver Creek is estimated as 11 ft3/s
using an average flow of 12.15 ft3/s with the base flow
index of 93.5 percent for the period of record at site
06392950 (table 2). Springflow along Redwater Creek
is estimated as 30 ft’/s, which is 95 percent of the
average of median flows for November through
February for site 06430500 for the period 1955-98.
Thus, artesian springflow for South Dakota is esti-
mated as 128 ft*/s (table 7) by subtracting artesian
springflow in Wyoming. Net ground-water outflow
from the study area can then be calculated as 58 ft3/s
using equation 3.
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Budgets for Other Bedrock Aquifers

Budgets for the other bedrock aquifers consist
primarily of estimates for recharge and well with-
drawals, from which estimates of net ground-water out-
flow from the study area can be derived. The only
exception is the Deadwood aquifer, for which head-
water springflow also is estimated.

Recharge estimates for the other bedrock aqui-
fers consist only of precipitation recharge, which is
derived using the yield-efficiency algorithm. Total
yield, which is the sum of runoff plus recharge, is first
computed by applying the yield-efficiency algorithm to
the estimates of precipitation on outcrops of the various
bedrock formations that were derived from precipita-
tion grids developed by Driscoll, Hamade, and Kenner
(2000). For the entire study area (table 8), 1950-98
precipitation averaged 18.98 inches per year or just
over 5.2 million acre-ft per year. Of this amount, total
yield is estimated as about 441,000 acre-ft per year
(about 608 ft3/s), which is equivalent to about
1.59 inches per year over the study area.

Table 8. Estimates of average precipitation, total yield, and
evapotranspiration for the study area, water years 1950-98

Units Precipitation  Total yield Evapotrans-
piration
Acre-feet per year 5,245,400 440,600 4,804,800
Cubic feet per 7,240 608 6,632
second
Inches per year 18.98 1.59 17.39

recharge factors for these aquifers are assumed to be
1.00. The recharge factor for the Minnekahta aquifer
also is assumed to be 1.00, based on similar formation
properties between the Minnekahta Limestone and
Madison Limestone. Recharge factors for the Inyan
Kara and Deadwood aquifers are assumed to be 0.80
because the formations contain more shale layers than
the Madison, Minnelusa, and Minnekahta Formations.
The Sundance aquifer within the Jurassic-sequence
semiconfining unit is a productive aquifer, but only
constitutes about one-half of the outcrop area of the
total unit. Thus, a recharge factor of 0.40 (one-half of
0.80) is assumed for the entire Jurassic-sequence semi-
confining unit. Likewise, the Newcastle Sandstone
contains a productive aquifer within the Cretaceous-
sequence confining unit; however, the Newcastle Sand-
stone constitutes only a small portion of the total unit in
outcrop area. Thus, a recharge factor of 0.05 is
assumed for the entire Cretaceous-sequence confining
unit.

Table 9. Recharge factors and outcrop areas for bedrock
aquifers

[--, not applicable]

Recharge Outcrop area

With the exception of localized aquifers in the
crystalline core, as discussed later, recharge is then pre-
scribed by multiplying the total yield by a recharge
factor, which is the fraction of total yield estimated to
result in recharge for the particular unit (table 9). The
remainder of total yield (if any) is assumed to con-
tribute to runoff from the outcrop area. Estimates of
average precipitation, evapotranspiration, total yield,
runoff, and precipitation recharge for outcrops of all
bedrock aquifers are provided in table 10.

Carter, Driscoll, and Hamade (2001) assumed
that direct runoff from outcrops of the Madison Lime-
stone and Minnelusa Formation is negligible; hence,

Aquifer unit factor! (acres)

Localized aquifers in crystalline -- 616,800

core area (Precambrian/Tertiary/

Other2)
Deadwood 0.80 66,200
Madison 1.00 292,600
Minnelusa 1.00 300,000
Minnekahta 1.00 72,100
Inyan Kara .80 219,700
Jurassic-sequence semiconfining 40 75,800

unit
Cretaceous-sequence confining unit .05 716,100

"Fraction of total yield estimated to result in recharge, with
remainder (if any) assumed to contribute to runoff.

2<Qther” consists of other units within the crystalline core area,
including: (1) isolated outcrops of the Deadwood Formation, Madison
Limestone, Minnelusa Formation, and Minnekahta Limestone above the
loss zones; and (2) unconsolidated sedimentary deposits.
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Recharge does occur to numerous localized aqui-
fers within the crystalline core area, especially where
extensive fractures or weathered zones are present in
outcrop areas. These aquifers are not considered
regional, however, as indicated by the fact that wells
penetrating Precambrian rocks in western South
Dakota outside of the Black Hills have not encountered
measurable amounts of ground water (Rahn, 1985).
Thus, regional ground-water flow in the Precambrian
rocks is assumed to be negligible although some flow
may occur in an upper weathered zone. Using
equation 3 and assuming ground-water outflow to be
equal to zero, recharge to localized aquifers in the crys-
talline core area is computed as equal to well with-
drawals (5 ft3/s) from this unit. Actual recharge to the
crystalline core aquifers must be much larger than this
estimate to accommodate ground-water discharge that
contributes to base flow of many streams. Recharge
conditions are highly transient and have large spatial
variability; thus, quantification is not attempted.

Other than the Madison and Minnelusa aquifers,
headwater springflow is considered only for the Dead-
wood aquifer. The average headwater springflow for
the Deadwood aquifer (3 ft3/s in the Spearfish Creek
and Little Elk/Meadow Creek drainages and 9.6 ft3/s in
all other headwater areas) is computed using estimates
of annual recharge on contributing ground-water areas
in the Limestone Plateau and in the Spearfish Creek
and Little Elk/Meadow Creek drainages. The estimate
shown in table 10 (14 ft3/s) also includes well with-
drawals.

Well withdrawals from bedrock aquifers serve
many categories of water use, including municipal, self
supply (domestic), irrigation, livestock, industrial,
mining, thermoelectric power, and unaccounted with-
drawals. Detailed water-use estimates for the Madison
and Minnelusa aquifers were presented by Carter,
Driscoll, Hamade, and Jarrell (2001). Estimates of
overall well withdrawals for the other bedrock aquifers
are presented in table 10.

Municipal-use estimates for the Inyan Kara
aquifer are available for Rapid Valley (an unincorpo-
rated area east of Rapid City) (Ed Royalty, Rapid
Valley Water Department, written commun., 2000),
Buffalo Gap, Fruitdale, and Hermosa (Joe Lyons,
Bureau of Reclamation, written commun., 1999).
Municipal-use estimates for the crystalline core aqui-
fers are available for Custer, Hill City, and Keystone
(Joe Lyons, Bureau of Reclamation, written commun.,
1999).

Withdrawal estimates for the other use catego-
ries are estimated using 1995 water-use data
(Amundson, 1998) available for the entire counties
included in the study area. Thus, well withdrawals are
slightly overestimated because the actual use within the
study area would be slightly less than that attributed to
the entire counties. Total self-supply (domestic) and
total livestock ground-water withdrawals are not avail-
able by aquifer. Data for domestic wells and stock
wells in the six-county area were compiled from the
USGS Ground-Water Site Inventory database. The
percentages of wells completed in the various bedrock
aquifers for domestic and stock purposes were applied
to the total domestic and livestock withdrawals to esti-
mate these withdrawals. Data for other water-use cate-
gories (irrigation, industrial, mining, and
thermoelectric) were compiled from the USGS Site-
Specific Water-Use Data System for 1995.

Additional (unaccountable) withdrawals are esti-
mated as 25 percent of the subtotal of all water-use
categories, which is consistent with estimates of unac-
countable withdrawals for the Madison and Minnelusa
aquifers (Carter, Driscoll, Hamade, and Jarrell, 2001).
Total well withdrawals for the other bedrock aquifers
range from 1 ft3/s for the Minnekahta aquifer and
aquifers in the Jurassic-sequence semiconfining unit to
5 ft%/s for the crystalline core aquifers.

Net ground-water outflow (table 10) is calcu-
lated using equation 2 for the other bedrock aquifers
(excluding the crystalline core aquifers). Net ground-
water outflow ranges from zero (assumed) for the crys-
talline core aquifers to 14 ft3/s for the Inyan Kara
aquifer.

An overall ground-water budget for all bedrock
aquifers in the study area also is presented in table 10.
For all bedrock aquifers, total recharge is estimated as
348 ft's, discharge by well withdrawals and spring-
flow is estimated as 259 ft%/s, and net ground-water
outflow is estimated as 89 ft¥/s. Most overall budget
components are dominated by the budget for the
Madison and Minnelusa aquifers, for which total
recharge is estimated as 292 ft3/s (84 percent of overall
component), and well withdrawals and springflow are
estimated as 234 ft*/s (90 percent of overall compo-
nent). Net ground-water outflow for the Madison and
Minnelusa aquifers (58 ft3/s), however, constitutes a
somewhat smaller proportion (65 percent) of the
overall budget component.
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Surface-Water Budgets

Various surface-water budgets are presented
within this section, for the primary purpose of quanti-
fying average surface-water inflows and outflows for
the study area, as well as quantifying tributary flows
generated within the study area. The surface-water
budgets are developed by consideration of stream
channels within various specified areas, for which the
basic continuity equation (eq. 2) is applied. Inflows
considered include stream channels crossing bound-
aries for specified areas and net tributary flows gener-
ated within specified areas. Because net tributary
flows (flows less depletions) are considered, flow
depletions such as streamflow losses or diversions are
not included as outflows. Storage changes for the four
large Bureau of Reclamation reservoirs (Angostura,
Deerfield, Pactola, and Belle Fourche) located within
the study area are considered, with records of storage
changes (positive change reflects increased storage)
derived primarily from Miller and Driscoll (1998).
Large storage increases occurred during 1950-98 for
Angostura Reservoir (completed during 1950), Pactola
Reservoir (not completed until 1956), and Belle
Fourche Reservoir, which had very low storage during
1950.

Because of the locations of available stream-
flow-gaging stations, it is first necessary to develop
surface-water budgets for an expanded area, which is
defined by drainage areas for the gages considered and
which encompasses most of the study area (fig. 32).

Site information for all gages is included in table 2,
which was presented previously. Some of the gages are
representative of hydrogeologic settings and are
included with the representative groupings. For
example, stations 06392900 (Beaver Creek) and
06429500 (Cold Springs Creek) are included with the
limestone headwater basins. Other gages that are used
only for various water-budget purposes are grouped at
the end of table 2.

Mean flows (calculated or estimated, as neces-
sary) for 1950-98 for gaged locations are shown in
figure 32 and summations of inflow and outflow com-
ponents for the expanded area are provided in table 11.
Individual budgets are included for areas within the
Belle Fourche River Basin, which drains approxi-
mately the northern one-quarter of the study area, and
the Cheyenne River Basin, which drains the southern
part of the study area. Net tributary flows generated
within the expanded area are calculated as 385 ft3/s by
subtracting inflows (252 ft3/s) from outflows
(630 ft*/s) and adjusting for increased storage in reser-
voirs (7 ft¥/s). Tributary flows generated outside of the
area are estimated as 77 ft3/s, which is used in calcu-
lating tributary flows of 308 ft3/s from within the study
area. This information is then used to calculate
surface-water budgets specific to the study area
(table 12), which include estimated outflows for the
study area boundary. Additional details regarding the
surface-water budgets are provided in the following
discussions.

Table 11. Average surface-water budgets for expanded area extending beyond study area, water years 1950-98
[Approximate drainage boundary for area considered is shown in figure 32. All values in cubic feet per second]

Cheyenne River 348.1 4.5 105.8 246.8 45.7 201.1
Belle Fourche River 282.1 2.7 146.4 138.4 31.2 107.2
Combined 630.2 7.2 252.2 385.2 76.9 308.3
Table 12. Average surface-water budgets for study area, water years 1950-98

[All values in cubic feet per second]

Basin St_udy area + S_tudy a_area - Change in = Study area
inflows tributaries storage outflows

Cheyenne River 105.8 201.1 4.5 302.4

Belle Fourche River 146.4 107.2 2.7 250.9

Combined 252.2 308.3 7.2 553.3
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Figure 32. Streamflow-gaging stations used in surface-water budgets and mean flow rates, water years 1950-98.
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Detailed budgets for the Cheyenne and Belle
Fourche River Basins, which include annual budget
components for 1950-98, are provided in tables 26
and 27 in the Supplemental Information section.
Readers are cautioned that because many of the budget
components are estimated (as noted in these tables),
values for individual years are subject to much larger
potential errors than the long-term averages, develop-
ment of which was the purpose of this exercise. Some
of the annual streamflow values for various gages were
estimated using simple linear regressions with other
gages, with regression information provided in
table 13. Methods for estimating tributary flows gen-
erated outside of the study area are described in the
following discussions.

For the Cheyenne River Basin (fig. 32), stream
inflows are measured at stations 06395000 (Cheyenne
River at Edgemont), 06400000 (Hat Creek), and
06400875 (Horsehead Creek), with downstream out-
flows measured at stations 06423500 (Cheyenne River

at Wasta) and 06425500 (Elk Creek). Additional out-
flows are measured at station 06392900 (Beaver
Creek), which loses flow to the Minnelusa Formation
(fig. 12) a short distance downstream from the gage in
Wyoming.

Minor unmeasured outflow in Whoopup Creek
(fig. 32) leaves the study area, but re-enters a short dis-
tance downstream via Beaver Creek; however, surface
flows in Whoopup Creek are uncommon because of
extensive outcrops of the Minnelusa Formation within
the basin (fig. 12). Measured inflow at station
06395000 (Cheyenne River at Edgemont) includes
flow from Pass Creek, which does not leave the study
area and also is influenced by outcrops of the Min-
nelusa Formation. Contributing areas for several addi-
tional tributaries along the southern edge of the study
area do not coincide exactly with the study area
boundary; however, outflows and inflows for all of
these unmeasured areas are considered offsetting (as
shown in fig. 32) and are neglected.

Table 13. Summary of linear regression information used for extending streamflow records

::;:ig:r Station name Slope Intercept r2 Station used in regression
06392900  Beaver Creek at Mallo Camp 0.0243 1.53 0.09 Castle Creek (06409000)
06400000  Hat Creek .0919 9.06 13 Cheyenne River at Edgemont (06395000)
06400875  Horsehead Creek .5858 -1.80 .87 Hat Creek (06400000)
06429500  Cold Springs Creek .0334 3.85 .04 Castle Creek (06409000)
106429997 Murray Ditch 1571 14.93 72 Redwater River above Belle Fourche (06433000)
106430500  Redwater Creek at State line
06433500  Hay Creek .0110 -1.11 .83 Belle Fourche River near Sturgis (06437000)
06436500  Horse Creek .0868 34 .34 Elk Creek near Elm Springs (06425500)
06436700  Indian Creek 4640 7.00 .30 Elk Creek near Elm Springs (06425500)
06437500  Bear Butte Creek near Sturgis .0613 -3.44 .85 Belle Fourche River near Sturgis (06437000)

"Flows from sites were combined prior to linear regression.
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For purposes of estimating tributary flows to the
Cheyenne River, only the area immediately east of the
study area is treated as being outside of the study area
(fig 32). Tributary flows from this 1,220-mi? area are
estimated as 45.7 ft/s (table 11) from yields for a
number of gaged basins located around the periphery of
the study area, with annual yields provided in table 28
in the Supplemental Information section. Stations used
include 06395000 (Cheyenne River at Edgemont) and
06400000 (Hat Creek), which measure flows into the
study area (fig. 32). Station 06400875 (Horsehead
Creek) is not used because substantial irrigation diver-
sions occur within the basin. Three stations with rela-
tively large drainage areas located generally east of the
study area (see index map on fig. 32) also are used;
these are 06439000 (Cherry Creek), 06441500 (Bad
River), and 06447000 (White River). Mean annual
yields for these stations range from 0.15 to 0.84 inch
and average (.51 inch (table 28).

For the Belle Fourche River Basin (fig. 32),
stream inflows are measured at stations 06428500
(Belle Fourche River at State line), 06429997 (Murray
Ditch), 06430500 (Redwater Creek), 06433500 (Hay
Creek), 06436700 (Indian Creek), and 06436500
(Horse Creek). Downstream outflows are measured at
stations 06437000 (Belle Fourche River near Sturgis)
and 06437500 (Bear Butte Creek). Additional out-
flows are measured at station 06429500 (Cold Springs
Creek), which loses flow to the Minnelusa Formation
(fig. 12) a short distance downstream from the gage in
Wyoming.

Tributary flows are estimated as 31.2 ft3/s
(table 11) for an area of about 530 mi? located gener-
ally north of the study area, which is treated as being
outside of the study area (fig 32). Two small areas that
are just outside, and west, of the study area are consid-
ered offset by a small part of the Hay Creek Basin that
is within the study area. Part of the Alkali Creek Basin
(southeast of Sturgis) that is within the study area is
considered offset by a small part of the Bear Butte
Creek Basin that is outside the study area, and by a
small area south of the Belle Fourche River just east of
the study area. Tributary flows for the outside area are
estimated using the annual yield for the area between
two gages along the Belle Fourche River, just east of
the study area (stations 06437000, Belle Fourche River
near Sturgis and 06438000, Belle Fourche River near
Elm Springs). The average yield for this area is

0.82 inch (table 28), which is computed from the
difference in annual flow for these stations, converted
to inches of yield over the intervening drainage area.

The estimates of tributary flows generated
within the study area boundary can be evaluated, to
some extent, for the Cheyenne River Basin by consid-
eration of flow records for 1983-98 for 10 gages near
the study area boundary. Gages used for this analysis
are shown with open (unfilled) triangles in figure 33.
Annual flows for these gages are presented in table 29
in the Supplemental Information section. Flows for
several years are estimated for two stations (06392900,
Beaver Creek at Mallo Camp and 06400497, Cascade
Springs), which have only minor variability in annual
flow. Measured flows for station 06403300 (French
Creek) are adjusted by subtracting 5 ft3/s to account for
streamflow losses downstream from the gage. Annual
flows for all 10 of the gages are summed to provide an
estimate of a portion of the tributary flows generated
within that part of the study area contributing to the
Cheyenne River (upstream from the confluence with
the Belle Fourche River).

A graphical comparison of values for tributary
flows (1983-98) derived using different methods is
presented in figure 34, with calculations provided in
table 29. In the figure, the uppermost line shows calcu-
lated values for all tributary flows from the expanded
area contributing to the Cheyenne River. The lower-
most line shows estimated tributary flows from the area
outside of the study area. Of the two intermediate lines,
the upper line shows estimated tributary flows from the
study area that are computed as the difference between
the two values previously described, and the lower line
shows the sum of values for the 10 measured tributaries
contributing to the Cheyenne River (described in pre-
vious paragraph). These measured values generally are
somewhat smaller than the estimated values, which is
consistent with a smaller contributing drainage area. A
negative difference (table 29) occurs between these
values for 3 years, all of which are years with small
tributary flows. This is not necessarily unrealistic
because substantial flow depletions (natural and
anthropogenic) can occur downstream from gages on
the measured tributaries, especially during low-flow
years. Results generally agree very favorably, which
provides confidence that methods for estimating tribu-
tary flows perform reasonably.
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Hills study area.

Combined Ground- and Surface-Water
Budgets

Because of the numerous hydrogeologic com-
plexities in the Black Hills area, it has been necessary
to develop ground- and surface-water budgets indepen-
dently. Additional insights can be obtained, however,
from quantification of combined budgets, as discussed
in the following section. The combined budgets are
used extensively for estimating streamflow depletions
resulting from streamflow losses and consumptive
withdrawals.

Many of the discussions in the following sec-
tions draw heavily on information presented in pre-
vious sections within this report. Thus, it is assumed
that readers are familiar with subject matter previously
presented, and detailed discussions of previous infor-
mation are not provided.

Quantification of Combined Budgets

Combined ground- and surface-water budgets
(1950-98) for the study area are schematically illus-
trated in figure 35. A detailed budget that illustrates
complex ground- and surface-water interactions that
occur primarily within the outcrop band of the Madison
Limestone and Minnelusa Formation is provided in
figure 35A. A simplified version that summarizes
major budget components from figure 35A is provided
in figure 35B.

Average precipitation (1950-98) over the study
area was previously estimated as 7,240 ft3/s (table 8),

of which 6,632 ft*/s is returned to the atmosphere via
evapotranspiration (fig. 35B). The remaining 608 ft3/s
becomes either runoff (352 ft%/s) or precipitation
recharge to various bedrock aquifers (256 ft3/s). By
far, the largest proportion of precipitation recharge is to
the Madison and Minnelusa aquifers (200 ft3/s), with
much smaller proportions contributing to precipitation
recharge of other aquifers (fig. 35A). Conversely, the
largest proportion of runoff is from outcrops located
beyond the Madison/Minnelusa outcrop band

(186 ft3/s), followed closely by runoff from the various
units in the crystalline core area (161 ft3/s). Estimated
runoff from the Deadwood Formation is minor (5 ft3/s)
and runoff from the Madison Limestone and Minnelusa
Formation is assumed to be negligible. Runoff from
the Ordovician-sequence semiconfining unit is esti-
mated to be less than 1 ft/s and thus is neglected.

The various units in the crystalline core area are
presumed to contain only localized aquifers, with neg-
ligible regional ground-water outflow in the Precam-
brian basement rocks that underlie the sedimentary
bedrock sequence. Thus, for the crystalline core aqui-
fers, precipitation recharge was assumed equal to esti-
mated well withdrawals of 5 ft’/s. For the various
aquifers beyond the Madison/Minnelusa outcrop band,
net ground-water outflow (outflow from the study area
minus inflow) of 25 ft¥/s is considerably larger than
well withdrawals (6 ft3/s).

Extensive ground- and surface-water interac-
tions for the Deadwood aquifer and the Madison and
Minnelusa aquifers result in more complicated budgets
for these aquifers. Springflow of 13 ft3/s and 78 ft/s,
respectively, is discharged from these aquifers in head-
water areas where water-table conditions prevail.
Some portion of this amount contributes to subsequent
streamflow recharge to the Madison and Minnelusa
aquifers, in downstream loss zones. Regional net out-
flow for the Deadwood aquifer is estimated as 6 ft3/s,
after accounting for well withdrawals of 1 ft3/s. For the
Madison and Minnelusa aquifers, total recharge is esti-
mated as 214 ft3/s, which includes streamflow recharge
of 92 ft’/s. The largest proportion of this is discharged
as artesian springflow (128 ft3/s), with well with-
drawals of 28 ft°/s and regional net outflow of 58 ft/s.

Net recharge for all aquifers is 257 ft3/s, which
includes both precipitation and streamflow recharge,
from which headwater springflow has been subtracted.
As discussed, the overall ground-water budget for the
study area is dominated by the Madison and Minnelusa
aquifers, which have the largest components of
recharge, spring discharge, well withdrawals, and
regional net outflow.
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The combined budgets are used extensively in
quantifying streamflow depletions and consumptive
withdrawals, as described in detail in the following sec-
tion. Total consumptive use is estimated as 218 ft3/s,
including 40 ft3/s from wells and 178 ft3/s from sur-
face-water sources, which includes both reservoir
evaporation and storage changes (38 ft3/s) and con-
sumptive withdrawals from streams (140 ft3/s). An
evaluation of these estimates also is provided in a sub-
sequent section.

Streamflow Depletions and Consumptive
Withdrawals

The primary streamflow depletions in the Black
Hills area are streamflow losses to outcrops of the
Madison and Minnelusa aquifers and consumptive
withdrawals and reservoir evaporation associated with
irrigation operations. Average streamflow losses of
92 ft3/s for 1950-98 (table 7) are quantified quite accu-
rately, relative to other budget components, from esti-
mates of annual streamflow recharge in Carter,
Driscoll, and Hamade (2001). Detailed information
regarding annual reservoir operations and releases are
available for the four large reservoirs operated by the
Bureau of Reclamation (1999); however, accurate

information regarding consumptive withdrawals is not
readily available. Thus, a general water-budget
approach is used to estimate cumulative streamflow
depletions and consumptive withdrawals for the entire
study area.

Quantification of Depletions and
Consumptive Withdrawals

Various components from the combined ground-
and surface-water budgets are used in generalizing the
downstream progression of average streamflow condi-
tions, relative to surface geology and mechanisms for
streamflow depletions (fig. 36). Prior to accounting for
depletions from streamflow losses, an estimate of
average streamflow upstream from outcrops of the
Madison Limestone and Minnelusa Formation is
needed. An estimate of 251 ft%/s is indicated by
figure 35A, which consists of headwater springflow
from the Madison and Minnelusa aquifers (72 ft3/s)
and from the Deadwood aquifer (13 ft3/s), combined
with runoff from the Deadwood Formation (5 ft3/s) and
from the crystalline core area (161 ft/s). Depletions of
92 ft3/s result from streamflow losses, from which
“loss zone bypass” of 159 ft3/s is calculated.
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Figure 36. Schematic showing generalized average streamflow (water years 1950-98) relative to surface geology
and depletions.
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A cursory evaluation of available streamflow
information provides confidence that this estimate is
reasonable. Estimates of mean flows (1950-98)
bypassing loss zones are provided in table 14 for
selected gages that are located downstream from loss
zones. Mean flows are first shown for available
periods of record, along with a “bypass fraction” that is
assumed to be 1.0 for most gages. Flows for stations
06406000 (Battle Creek) and 06425100 (Elk Creek)
are influenced by artesian springs. Thus, bypass frac-
tions for these gages are calculated as 1.0 - BFI, where
BFI is the base flow index (expressed as a decimal)
from table 2, which is used to estimate the fraction of
flow bypassing the loss zone. The estimate for Elk
Creek is extrapolated to 1950-98 by multiplying by
0.94, which is based on the ratio of flow in Spearfish
Creek for 1950-98 relative to 1980-98. A similar
adjustment for the period of record is made for White-
wood Creek. The majority of flow for Boxelder Creek
is comprised of bypass; however, mean flow for the
period of record is heavily influenced by high flows
during the 1990’s. Thus, the mean 1950-98 bypass for
Boxelder Creek is arbitrarily assumed to be one-half of
the 1979-98 value. Flows of Battle, Spring, Rapid, and
Spearfish Creeks need no adjustments.

The combined estimate of average loss zone
bypass for selected streams included in table 14 is
150 ft/s for 1950-98, compared with the estimate of

159 ft/s for all streams in the study area, which was
derived using the water-budget approach. The streams
included in table 14 constitute most of the area streams
for which substantial bypasses occur, with the excep-
tion of French Creek, which has insufficient data avail-
able for a viable estimate. A bypass rate of 6.5 ft3/s for
1983-98 was estimated for French Creek in table 29,
which was derived by arbitrarily applying a loss rate of
5 ft3/s to annual flows. This estimate is skewed, how-
ever, by extremely high flows that occurred during the
1990’s. Comparing estimates by Carter, Driscoll, and
Hamade (2001) of annual yield and recharge for French
Creek indicates that the average bypass rate for
1950-98 probably is about one-half of this rate.

Loss zone bypass occurs in numerous other
streams during high-flow years, especially in the
northern Black Hills, where basin yields are relatively
high. During years with average conditions, however,
additional loss zone bypasses generally are relatively
minor. Thus, the estimate for loss zone bypass of
159 ft3/s, which is based primarily on the yield-effi-
ciency algorithm, may represent a slight underestima-
tion, but shows no apparent tendency for over-
estimation. This provides confidence that the yield-
efficiency algorithm, which also has been used exten-
sively for estimation of precipitation recharge, pro-
vides credible estimates that may be slightly
conservative.

Table 14. Estimated average flows bypassing Madison/Minnelusa loss zones for selected streams, water years 1950-98

[ft3/s, cubic feet per second]

Period of Assumed Estimated
Station . Mean flow Period-of- 1950-98
Station name record 3 bypass . 2 3
number . (ft°/s) .1 record ratio bypass
considered fraction 3
(ft°/s)
06406000  Battle Creek at Hermosa 1950-98 11.90 0.411 1.0 4.89
06408500  Spring Creek near Hermosa 1950-98 7.15 1.0 1.0 7.15
06412500  Rapid Creek above Canyon Lake 1950-98 44.07 1.0 1.0 44.07
06423010  Boxelder Creek near Rapid City 1979-98 5.88 1.0 45 2.94
06425100  Elk Creek near Rapid City 1980-98 13.88 760 .94 9.92
06431500  Spearfish Creek at Spearfish 1950-98 54.01 1.0 1.0 54.01
1980-98 57.46
1983-98 57.36
06436180  Whitewood Creek above Whitewood 1983-98 29.10 1.0 94 27.35
Estimated combined bypass for 1950-98 150

1Bypass fraction computed as 1.0 minus Base Flow Index for Battle and Elk Creeks.
2Adjusted relative to long-term (1950-98)/short-term average for Spearfish Creek for applicable period of record.
3Computed as product of mean flow times bypass fraction times period-of-record ratio.

“Value of 0.5 arbitrarily assumed.
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Immediately downstream from loss zones, arte-
sian springflow provides substantial contributions
(accretions) to streamflow in many locations, typically
within, or just upgradient from the outcrop of the
Spearfish Formation (figs. 2 and 3), which is the upper
confining unit for the aquifers in the Paleozoic rock
interval. The average contribution from artesian
springflow is estimated as 128 ft3/s (fig. 35), which is
represented in figure 36 as including “unconsumed
well withdrawals.” This representation recognizes
large municipal withdrawals from Jackson Springs in
Rapid City (Anderson and others, 1999), which result
in some consumptive use, especially during summer
months when substantial lawn watering occurs. This
consumptive use is assumed to be offset by other
unconsumed municipal production that is returned to
Rapid Creek, some of which is obtained from Madison
and Minnelusa wells.

Additional accretions of 186 ft>/s are estimated
to occur from runoff from other outcrops beyond the
Madison/Minnelusa outcrop band (fig. 35). Thus,
average streamflow prior to major withdrawals, which
result primarily from irrigation operations, is estimated
as 473 /s (fig. 36). This value, in combination with
average tributary flows of 295 ft3/s from the study area,
is used to estimate average consumptive use of
178 ft3/s from surface-water sources. The average trib-
utary flows are only those that contribute to the flow of
the Cheyenne and Belle Fourche Rivers, which is
derived by adjusting values from the surface-water
budget for the study area (table 12). The value of
295 ft’/s is derived by adjusting tributary flows gener-
ated within the study area (308 ft3/s) by the storage

change (7 ft3/s) and by combined flows of 6 ft3/s for
Beaver and Cold Springs Creeks (tables 26 and 27).
This adjustment is made because these headwater
springs generally provide no sustained contribution to
surface flow because of streamflow losses that occur a
short distance downstream from the Wyoming border,
as previously discussed.

Consumptive withdrawals of 140 ft3/s are esti-
mated by adjusting average consumptive use of
178 ft3/s for estimated reservoir evaporation and
storage changes of 38 ft3/s (fig. 35). This estimate is
obtained from estimates of reservoir evaporation by
Bureau of Reclamation (1998) for 1964-96, which are
summarized in table 15. These estimates were based
on published averages for annual reservoir evaporation
rates (adjusted by annual precipitation estimates),
applied to large reservoirs (surface areas of 10 acres or
more; or storage of 100 acre-ft or more) within an area
slightly larger than the study area considered in this
report. The majority of this estimate is for evaporation
from the four large Bureau of Reclamation reservoirs in
the study area that supply water primarily for irrigation
operations (Angostura, Deerfield, Pactola, and Belle
Fourche). Two of the reservoirs (Deerfield and
Pactola) and various smaller reservoirs are along
streams within the crystalline core area, for which
runoff estimates are inclusive of evaporative effects.
Minor evaporation from reservoirs slightly beyond the
study area boundary also is included in the estimated
evaporation of 38 ft3/s; thus, this estimate is taken to
include the average storage increase of 7 ft3/s for
1950-98 (table 12).

Table 15. Bureau of Reclamation (1998) estimates of reservoir evaporation and net consumptive irrigation demand,

1964-96
County Net reservoir evaporation1 Net consumptive irrigation demand?
(Acre-feet) (Cubic feet per second) (Acre-feet) (Cubic feet per second)

Butte 12,300 17.0 75,700 104

Lawrence 70 1 5,700 7.9

Meade 30 1 10,600 14.6
Pennington 3,400 4.7 15,700 21.7

Custer 820 1.1 7,100 9.8

Fall River 11,100 15.3 20,200 279

Totals 27,700 383 135,000 186

'Estimates derived using average reservoir evaporation rate, adjusted for annual precipitation, applied to mean annual surface area.
Theoretical estimates derived using Modified Blaney-Criddle procedures (U.S. Department of Agriculture, 1970).
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Evaluation of Consumptive Withdrawal Estimates

As discussed, consumptive withdrawals within
the study area cannot be directly quantified because of
numerous complicating factors. Thus, a general water-
budget approach was used to estimate cumulative con-
sumptive withdrawals from the entire study area.
Because of this approach, the resulting estimate is sub-
ject to cumulative errors in all of the other terms of the
water-budget equation. Estimates of consumptive
withdrawals are evaluated within this section.

Estimates of theoretical consumptive irrigation
demand in and near the study area have been made by
the Bureau of Reclamation (1998) and are summarized
in table 15. These estimates were derived using Modi-
fied Blaney-Criddle procedures (U.S. Department of
Agriculture, 1970), which consider climatic factors and
cropping patterns in calculating theoretical net irriga-
tion demand. These estimates are not directly applied
because: (1) irrigated areas beyond the study area (for
this report) were considered; (2) estimates include
water withdrawn from ground-water sources; and
(3) estimates are only theoretical and do not necessarily
consider factors such as cost or availability of water.
The Bureau of Reclamation estimates, which total
186 ft3/s, do agree reasonably well, however, with esti-
mated surface-water consumptive withdrawals of
140 ft3/s derived using the water-budget approach.
They also provide a useful breakdown of the distribu-
tion of consumptive withdrawals within the study area.

Examination of available streamflow data for
selected stream reaches provides another useful basis
for comparison and also provides estimates of con-
sumptive withdrawals for specific stream reaches with
substantial irrigation withdrawals. Estimated with-
drawals for five stream reaches are presented in
table 16, with details provided in subsequent discus-
sions. These streams include most of the major irriga-
tion areas within the study area and account for the
majority of demand, including some demand beyond
the study area boundary. For the streams considered,
the sum of estimated withdrawals (155 ft3/ S) is inter-
mediate between estimates from the water-budget
analysis (140 ft3/s) and Bureau of Reclamation (1998)
estimates (186 ft3/s).

The estimates presented in table 16 are con-
strained by locations of applicable gaging stations and
available periods of streamflow record. In many cases,
flow estimates are made for ungaged tributaries or for
gages without complete flow records for periods
considered, which increases uncertainty. As usual,

uncertainties for individual years tend to be much
larger than for multi-year averages.

Estimates of consumptive irrigation demand for
the Angostura Irrigation Unit are taken from a Draft
Environmental Impact Statement (Bureau of Reclama-
tion, 2001), which included a detailed water-budget
analysis for 1955-97. The average release to the irriga-
tion district was estimated as 56 ft3/s, with return flows
of about 30 ft*/s and consumptive use of about 26 ft/s.
Methods used in developing these estimates were very
similar to methods used within this report.

Estimates for Beaver Creek (table 16) are
derived from monthly flow statistics for station
06402500 (table 17). Most of the flow of Beaver Creek
results from relatively stable artesian springflow, as
discussed in a previous section; thus, most of the vari-
ability in monthly flow for this station results from
irrigation withdrawals. Median monthly values for
November through February, which average 9.66 ft/s,
probably reflect very little influence from irrigation
withdrawals or direct runoff. Median values for the
other eight months average 5.62 ft3/s, which reflects an
average depletion of 2.69 ft3/s on an annual basis.
Assuming annual basin yield averages about 1 inch
(fig. 27), additional runoff of about 1.4 ft/s would be
generated in the 19-mi? intervening area downstream
from station 06402430 (fig. 12), which is located
immediately downstream from the artesian spring.
Much of this additional runoff typically would occur

Table 16. Estimates of consumptive withdrawals for major
irrigation areas

[Estimates derived primarily from available streamflow records]

Period Estimated consumptive
of record withdrawals
Irrigation area considered
(water Cubic feet  Acre-feet
years) per second  per year
Angostura Irrigation 1955-97 26 18,800
Unit
Beaver Creek 1950-98 4 2,900
Rapid Creek! 1950-98 19 13,700
Redwater River! 1950-98 35 25,400
Belle Fourche Irrigation 1950-98 71 51,400
Project1
Total 155 112,200

IEstimates include some areas beyond study area boundary. Esti-
mates for Redwater River include withdrawals from Spearfish Creek.
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Table 17. Statistics on mean flow for selected streams with irrigation withdrawals, water years 1950-98

[All values in cubic feet per second]

Month
Statistic Annual
Oct. Nov. Dec. Jan. Feb. Mar. Apr. May June July Aug. Sept.
Beaver Creek near Buffalo Gap (06402500)
Maximum 11.6 124 12.5 124 13.5 16.1 12.8 10.6 42.7 26.4 18.3 12.1 12.5
75th percentile 9.36 10.1 10.7 10.9 10.8 9.87 8.73 6.93 9.99 7.12 4.83 7.61 8.07
Median 7.36 9.13 9.54 9.98 9.99 9.05 6.63 4.29 4.61 4.05 3.21 5.75 6.76
25th percentile 4.78 7.71 8.49 9.13 9.43 8.26 2.87 1.76 1.41 1.02 1.35 2.93 5.94
Minimum .67 3.40 5.96 7.10 7.12 4.34 .79 .61 .39 24 25 .37 3.78
Mean 6.84 8.76 9.54 9.92 10.03 9.19 6.06 4.42 6.75 4.99 4.03 5.37 7.14
Redwater River above Belle Fourche (06433000)
Maximum 283 217 203 246 278 276 359 988 739 180 178 172 241
75th percentile 156 162 150 151 152 171 214 291 261 71.4 57.7 110 174
Median 123 138 137 129 138 147 167 180 130 36.0 32.7 78.7 127
25th percentile 102 110 121 112 119 126 132 111 58.6 19.3 15.9 58.6 95.8
Minimum 50.6 82.7 69.9 83.5 91.7 105 62.9 20.0 4.07 2.13 272 193 57.1
Mean 129.59 140.75 138.41 132.68 14293 152.80 17524 24034 177.10 5239 4433 86.05 134.27
during irrigation months. Thus, average consumptive
withdrawals for Beaver Creek are estimated as about
4 ft3/s, or 2,900 acre-ft/yr. Effects of additional with-
drawals or return flows downstream from station or _,‘ W ]
06402500 cannot be evaluated. I ]
Consumptive withdrawals for Rapid Creek 2 30 A .
(fig. 33) are estimated as about 19 ft3/s (table 16), g | - Bk KA
. . - s fo NN H Vo
using streamflow records for gages located at Rapid ugy [Ei % FTIANY [ I
City (06414000) and near Farmingdale (06421500). oE :" i + L2 i £y
Data sets used in deriving estimates are presented in oF /] & Plogin o
. . . = W r Voo [ B PR 4
table 30 in the Supplemental Information section. P w b R JRW B
Inflows in the reach include discharge from the Rapid E o t ?:‘.,'f ! 1
City municipal sewage treatment plant and tributary B g 3 _. 1
inflows. Municipal records of treatment plant dis- Z ol ! , )
1 . = A 0.3 Mean annual use of 18.6 cubic i
charge were obtained for 1976-98; methods for esti- L 0.4 feet per second based on tributary 1
mating discharge for 1950-75 are noted in table 30. IEEEEEE 05 coefficient of 0.4 i
Tributary inflows from the intervening area of 192 mi? 0950 o5 oo om0 oo 2000
are estimated as 0.4 times the measured flow of Elk WATER YEAR

Creek near EIm Springs (station 06425500). Estimates
of consumptive withdrawals are highly sensitive to
estimated tributary inflow, as demonstrated by

figure 37, which shows calculations using three dif-
ferent coefficients (0.3, 0.4, and 0.5) as multipliers for
flow of Elk Creek. Use of different coefficients has

Figure 37. Estimated consumptive irrigation use for Rapid
Creek, based on various estimates of tributary inflow.
Tributary inflow is estimated as flow of Elk Creek at station
06425500 multiplied by a coefficient (0.3, 0.4, or 0.5).
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negligible effect on estimates for low-flow years for
Elk Creek; however, variability increases proportion-
ally with increasing flow of Elk Creek. The use of 0.4
as a coefficient provides an intermediate estimate that
smooths outlier values. Estimates of consumptive
withdrawals might be refined by analysis of monthly
streamflow records and improved methods for esti-
mating tributary inflows; however, such efforts are
beyond the scope of this evaluation.

Estimates for Redwater River (table 16) are
derived using monthly flow statistics (table 17), again
because of a large and stable component of springflow
during base flow months. Estimated consumptive
withdrawals for the Redwater River also include with-
drawals along Spearfish Creek. Median monthly flows
for November through February, which average
135.5 ft3/s, are again used as an estimate of base flow
during non-irrigation months. The median values for
June through October indicate an average depletion of
23.1 ft*/s on an annual basis. Actual depletions are
considerably larger than this, but are masked by sub-
stantial direct runoff that can occur within the 920-mi>
drainage basin. Effects of tributary inflows relative to
irrigation withdrawals are apparent from examination
of statistics for April through June. Reliable methods
for estimating runoff during irrigation months are not
available; thus, consumptive withdrawals for the
Redwater River are arbitrarily estimated to average
35 ft3/s (1.5 times 23.1 {t3/s).

Consumptive withdrawals for irrigation areas in
and near the Belle Fourche Irrigation Project (table 16)
are estimated using a water-budget analysis for a reach
of the Belle Fourche River. The reach considered is
similar to that which was considered for the surface-
water budget for the Belle Fourche River; however,
several different measurement locations for inflows are
used (fig. 33). The different measurement sites include
Inlet Canal (06434505), Belle Fourche River near
Fruitdale (06436000), and Whitewood Creek above
Vale (06436198). Stations on Indian Creek (06436700)
and Horse Creek (06436500) are retained as inflow
sites. Belle Fourche River near Sturgis (06437000) is
the only outflow site.

Data sets used in estimating consumptive with-
drawals are presented in table 31 in the Supplemental
Information section. Tributary inflows for ungaged
areas outside of the study area are estimated based on
annual yield for the Belle Fourche River between
stations 06437000 and 06438000, which is similar to
the method used for surface-water budgets. The out-

side tributary area is reduced to 430 miz, however,
because Crow Creek is excluded (fig. 33).

Estimates of consumptive use for individual
years (table 31) are not considered accurate or reliable
because of relatively large error potential resulting
from sensitivity to estimates of tributary inflow and
estimated periods for measured tributaries (Indian,
Horse, and Whitewood Creeks). Error potential also
results from the large number of sites involved and
generally tends to increase with increasing flows.
Overall, the largest error potential is for the sum of
inflows, which involves numerous measured values
and one or more estimated values for all years consid-
ered. Errors are obvious for negative use estimates,
which generally would indicate underestimation of
cumulative inflows, because outflows are measured at
only one site. Errors also are likely for some of the
larger estimates. For example, maximum calculated
use of 163.7 ft*/s occurred during 1964, when reservoir
storage decreased only slightly.

The distribution of annual use estimates for the
Belle Fourche Project area is shown in figure 38. The
median value (88 ft3/s) is larger than the mean
(72 ft3/s) because the data set is skewed by a small
number of years with negative values. Thus, the
median is taken as a better estimate of central tendency
for the data set. Calculated use includes evaporation
from Belle Fourche Reservoir, which was estimated as
17 £6/s (table 15) for 1964-96 by the Bureau of
Reclamation (1998). Thus, consumptive irrigation
withdrawals (exclusive of reservoir evaporation) are
estimated as 71 ft3/s, to be consistent with other
estimates in table 16.
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Figure 38. Distribution of estimated annual consumptive
irrigation use for Belle Fourche Project area.
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Cumulative consumptive withdrawals for major
irrigation areas are estimated as 155 ft3/s (table 16).
This rate is about 10 percent higher than the estimate of
140 ft/s from the water-budget analysis (fig. 35),
which applies only to withdrawals within the study area
boundary. Estimates for Rapid Creek, Redwater River,
and the Belle Fourche Project area (table 16) all include
withdrawals from areas beyond the study area
boundary, however.

Additional withdrawals also are made from a
number of other streams within and near the study area.
Water-right permits exist for surface-water irrigation
from Hat, Cascade, Horsehead, French, Battle, Spring,
Boxelder, Elk, Alkali, Whitewood, and Bear Butte
Creeks (Mark Rath, South Dakota Department of
Environment and Natural Resources, oral commun.,
2001). Most withdrawals are small, relative to with-
drawals for the major irrigation areas, and many of the
withdrawal points are beyond the study area boundary.

Thus, it is concluded that 140 ft3/s is a reason-
able estimate of consumptive withdrawals of surface
water. Consumptive use is considerably larger if reser-
voir evaporation and areas beyond the study area are
considered. Average cumulative use upstream from the
confluence of the Cheyenne and Belle Fourche Rivers
probably approaches 250 ft3/s, if demand within
Wyoming is considered. Within Wyoming, the largest
sources of consumptive surface-water use are irrigation
withdrawals from Stockade Beaver Creek, Redwater
River, and Belle Fourche River, along with evaporation
from Keyhole Reservoir (located about 50 mi west of
Spearfish).

It should be recognized that consumptive use
varies considerably on an annual basis, as shown by
figures 37 and 38. Variability in actual consumptive
use is much smaller than indicated by figure 38, which
includes several years for which negative use is com-
puted (table 31). The 25th and 75th percentiles prob-
ably provide a reasonable depiction of typical
variability, although consumptive use beyond this
range probably occurs, especially for higher values.

Consumptive withdrawals during particularly
dry years can be highly affected by availability of irri-
gation supplies. The largest withdrawals typically
would occur during dry periods following closely after
wet periods that have provided high flows and large
available storage. Similarly, withdrawals can be
severely limited by availability of irrigation supplies,
especially during prolonged dry periods. Water
quantities needed to supply irrigation demand are

systematically larger than consumptive use because of
inherent non-consumptive losses that eventually result
in return flows.

General Evaluation of Budget Estimates

Various assumptions have been made in devel-
oping hydrologic budgets, and numerous budget com-
ponents have been estimated. Thus, a general
evaluation of budget estimates is provided within this
section.

Recent investigations have provided extensive
information regarding various budget components for
the Madison and Minnelusa aquifers, which are shown
to dominate the overall ground-water hydrology of the
Black Hills area and heavily influence the surface-
water hydrology. Recharge estimates were derived
from information previously provided by Carter,
Driscoll, and Hamade (2001). Estimates of streamflow
recharge, which are based largely on measured values,
are considered more accurate than estimates of precip-
itation recharge, which have two primary causes for
uncertainties. Considerable uncertainty results from
the assumption that recharge efficiency is reasonably
approximated by yield efficiency for streams with little
influence from ground-water discharge. Additional
uncertainty is associated with the yield-efficiency algo-
rithm that has been used to estimate annual precipita-
tion recharge.

Other budget components for the Madison and
Minnelusa aquifers were derived from information pre-
sented by Carter, Driscoll, Hamade, and Jarrell (2001).
Estimates for artesian springflow, which are based pri-
marily on measured values, have fairly small uncer-
tainty, relative to the magnitude of the estimates.
Uncertainties are larger for estimates of headwater
springflow, which are based on yield potential for
inferred areas contributing to ground-water discharge.
Comparisons of estimated springflow to measured
streamflow (Jarrell, 2000), however, provided confi-
dence that estimates are reasonable. Uncertainties are
small for well withdrawals; thus, most of the uncertain-
ties for estimates of net ground-water outflow from the
study area are related to uncertainties for estimates of
precipitation recharge. Detailed water-budget analyses
for specific subareas within the Black Hills area
(Carter, Driscoll, Hamade, and Jarrell, 2001), however,
provided confidence that estimates for all water-budget
components for the Madison and Minnelusa aquifers
are reasonable.
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Budgets for other aquifers are based primarily on
estimates of precipitation recharge, which again have
been derived using the yield-efficiency algorithm. The
assumed “recharge factors” used to apportion overall
yield potential between runoff and recharge are another
source of potential error. Considerable evidence exists
that direct runoff is uncommon from outcrops of the
Madison and Minnelusa aquifers; however, informa-
tion regarding other outcrops is sparse.

The yield-efficiency algorithm also was used
extensively in developing surface-water budgets and in
estimating consumptive withdrawals for the study area.
An analysis of streamflow depletion from streamflow
losses, which was presented in a previous section, indi-
cated that estimates of total basin yield from the crys-
talline core area provided reasonable results. An
evaluation of consumptive withdrawal estimates (also
presented in a previous section) indicated that the
yield-efficiency algorithm also provided reasonable
results for areas beyond the Madison/Minnelusa out-
crop band. Thus, besides providing general confidence
in the surface-water budgets, these evaluations also
provide confidence that the yield-efficiency algorithm
systematically produces reasonable and reproducible
estimates of total yield from the spatial distribution of
annual precipitation. Readers again are cautioned that
because of the inherent, unexplained variability
between annual yield and precipitation, estimates for
individual years that are based on this algorithm have a
relatively high level of uncertainty. Uncertainties
associated with long-term estimates are much smaller,
however.

SUMMARY

The Black Hills are an important recharge area
for aquifers in the northern Great Plains. The surface-
water hydrology of the area is highly influenced by
interactions with the Madison and Minnelusa aquifers,
including large springs and streamflow loss zones.
Defining responses of ground water and streamflow to
a variety of hydrogeologic influences is critical to
development of hydrologic budgets for ground- and
surface-water systems.

Precipitation patterns are highly influenced by
orographic effects, with the largest precipitation
amounts occurring in the high-altitude areas of the
northern Black Hills. Annual precipitation for the
study area (water years 1931-98) averages 18.61 inches
and has ranged from 10.22 inches to 27.39 inches.

Annual averages for counties within the study area
range from 16.35 inches for Fall River County to
23.11 inches for Lawrence County. Average annual
precipitation for most of the study area is less than
average pan evaporation, which ranges from about
30 inches at Pactola Reservoir to 50 inches at Oral.
Long-term precipitation trends are an important con-
sideration for hydrologic analysis because of a bias
towards wetter conditions during the 1990’s, which
coincides with a period of intensive hydrologic data
collection in the Black Hills area.

The response of ground-water to precipitation
patterns is shown by comparing water-level hydro-
graphs for 52 observation wells and 1 cave site to
cumulative precipitation departures for counties in
which the sites are located. Aquifers considered
include the Precambrian, Deadwood, Madison,
Minnelusa, Minnekahta, and Inyan Kara aquifers. Of
these, water-level fluctuations for wells completed in
the Inyan Kara aquifer generally show the least
response to precipitation patterns. In comparison,
many wells completed in the other aquifers have large
short- and long-term fluctuations in water levels.
Madison and Minnelusa wells in the southern Black
Hills show a general tendency for smaller water-level
fluctuations than in other areas.

The response of streamflow to precipitation
influences is different for five different hydrogeologic
settings that are identified. Streamflow characteristics
and relations with precipitation are examined for 33
gaging stations that are representative of the five
different settings.

The “limestone headwater” setting occurs prima-
rily within outcrops of the Madison Limestone and
Minnelusa Formation along the “Limestone Plateau”
area on the western side of the study area. For this set-
ting, direct runoff is uncommon and streamflow con-
sists almost entirely of base flow originating as ground-
water discharge from headwater springs, which results
in small variability for daily, monthly, and annual flow.
Annual streamflow generally correlates poorly with
precipitation; however, relations improve substantially
with consideration of “moving averages” for annual
precipitation. Coefficient of determination (%) values
exceeding 0.90 are obtained for several streams, with
best-fit regression equations obtained for moving aver-
ages involving 3 to 11 years of precipitation data.

The “crystalline core” area is encircled by the
outcrop band of the Madison and Minnelusa Forma-
tions and is dominated by igneous and metamorphic
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rocks. Base flow ranges from about 41 to 73 percent
for representative streams in this setting; however,
monthly flow records demonstrate short-term response
to precipitation, which probably indicates a relatively
large component of interflow contributing to base flow.
Similarly, streamflow generally correlates well with
annual precipitation, with r? values ranging from 0.52
to 0.87.

The “loss zone” setting is located downgradient
from the crystalline core area, within outcrops of the
Madison and Minnelusa Formations where large
streamflow losses provide recharge to the associated
aquifers. Because sustained flow is uncommon for this
setting, only two representative gages exist, with rela-
tions between streamflow and annual precipitation best
defined by a power equation. A common area
extending to the outcrop of the Inyan Kara Group is
identified for the loss zone and “artesian spring” set-
tings because many artesian springs are located along
stream channels that are influenced by streamflow
losses and several artesian springs are within outcrops
of the Minnelusa Formation. Similar to headwater
springs, streamflow characteristics for artesian spring
settings generally demonstrate small variability and
poor correlations with annual precipitation because of
large influence from relatively consistent ground-water
discharge.

The “exterior” setting is located downgradient
from the outcrop of the Inyan Kara Group, which coin-
cides with the outer extent of the loss zone/artesian
spring setting. Large flow variability is characteristic
for this setting and base flow generally is smaller than
for other settings.

Basin yield is highly variable within the study
area, with the largest yields generally occurring in
high-altitude areas that receive large annual precipita-
tion. Basin yields for several limestone headwater
gages are shown to be influenced by incongruences
between contributing ground- and surface-water areas;
however, measured yields compare well with estimates
of precipitation recharge over contributing ground-
water areas delineated by previous investigators. These
investigators estimated recharge using a “yield-effi-
ciency algorithm” that compares spatial distributions
for annual precipitation, average annual precipitation,
and efficiency of basin yield, which is used as a surro-
gate for efficiency of precipitation recharge. Relations
between these variables are used to compensate for the
climatic bias associated with short-term gaging
records.

The aforementioned methods are used exten-
sively in developing average hydrologic budgets for
water years 1950-98 for ground- and surface-water
systems and are applied in estimating precipitation
recharge on aquifer outcrops and in estimating stream-
flow yield from various outcrop areas. For the entire
study area, 1950-98 precipitation averaged 18.98
inches or just over 5.2 million acre-ft per year. Of this
amount, total yield is estimated as 441,000 acre-ft per
year (608 ft3/s), which is equivalent to about
1.59 inches over the study area.

Average ground-water budgets are developed for
the major bedrock aquifers within the study area
(Deadwood, Madison, Minnelusa, Minnekahta, and
Inyan Kara aquifers) and for additional minor bedrock
aquifers. The overall ground-water budgets are domi-
nated by the Madison and Minnelusa aquifers, which
have the largest outcrop areas of the major aquifers in
the study area. Annual recharge to all bedrock aquifers
is estimated as 252,000 acre-ft per year (348 ft3/s), of
which 292 ft¥/s is recharge to the Madison and
Minnelusa aquifers. Of this amount, 200 ft3/s is from
precipitation recharge and 92 ft3/s is from streamflow
losses.

Discharge of all wells and springs is about
259 ft/s, of which the Madison and Minnelusa aqui-
fers account for 206 ft3/s of springflow and 28 ft3/s of
well withdrawals. Estimated springflow and well with-
drawals from the Deadwood aquifer are 12.6 ft3/s and
1.4 f6s, respectively. Estimated well withdrawals
from other aquifers account for about 11 ft/s.

All of the aforementioned estimates are obtained
by making direct estimates for various budget compo-
nents, which are used in calculating net ground-water
outflow from the study area. The resulting residual
indicates that estimated outflow from the study area
exceeds inflow by about 89 ft3/s, which also is domi-
nated by net ground-water outflow of 58 ft3/s from the
Madison and Minnelusa aquifers.

Surface-water budgets also are developed for
1950-98, with inflows and outflows estimated as 252
and 553 ft’/s, respectively. Storage in major reservoirs
increased by about 7 ft3/s; thus, net tributary flows
(flows less depletions) generated within the study area
are calculated as 308 ft*/s. Consideration of combined
ground- and surface-water budgets is used to estimate
consumptive streamflow withdrawals of 140 ft/s.
Total consumptive use within the study area is esti-
mated as 218 ft/s, by including estimates of reservoir
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evaporation and storage changes (38 ft3/s) and well
withdrawals (40 ft’/s).

Estimates of budget components are evaluated,
where possible. Estimates for consumptive streamflow
withdrawals are derived using numerous other budget
components; thus, annual estimates generally are con-
sidered unreliable. Various evaluation mechanisms
provide confidence, however, that estimates for long-
term averages are realistic. The largest error potential
associated with development of hydrologic budgets is
the use of the yield-efficiency algorithm, which was
developed as part of previous investigations and is
applied for estimating precipitation recharge and
streamflow yield. The ability to balance overall hydro-
logic budgets within realistic ranges provides confi-
dence that the method systematically produces
reasonable estimates when applied over sufficiently
large spatial extents and timeframes. This conclusion
is especially important because estimation of precipita-
tion recharge for the Madison and Minnelusa aquifers
is critical to developing realistic hydrologic budgets for
the Black Hills area.
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Figure 40. Precipitation departure and hydrographs for selected wells in Meade County.--Continued
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Figure 41. Precipitation departure and hydrographs for selected wells in Pennington County.--Continued
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Figure 44. Relations between yield efficiency and precipitation for selected streamflow-gaging stations (modified from Carter,
Driscoll, and Hamade, 2001).
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Table 19. Annual flow and precipitation data for limestone headwater basins

[Precip, precipitation; RE, runoff efficiency; Max, maximum; Min, minimum; Std dev, standard deviation; CV, coefficient of variation; ft3/s, cubic feet per
second; acre-ft, acre-feet; --, no data]

Water Flow Precip RE Flow Precip RE Flow Precip RE
year ft¥s  acre-ft inches (inches) g::.:-) ft%s  acre-ft inches (inches) g:::) ft¥s  acre-ft inches (inches) g;:;-)
Beaver Creek at Mallo Camp, near Four Rhoads Fork near Rochford Castle Creek above Deerfield Reservoir,
Corners, Wyo. (06392900) (06408700) near Hill City (06409000)
1940 -- -- -- -- -- -- -- -- -- - - - - 13.48 -
1941 -- -- -- -- -- -- -- -- -- -- -- -- -- 23.78 --
1942 -- -- -- -- -- -- -- -- -- -- -- -- -- 20.74 --
1943 -- -- -- -- -- -- -- -- -- - - - - 20.30 -
1944 -- -- -- -- -- -- -- -- -- - - - - 16.14 -
1945 -- -- -- -- -- -- -- -- -- - - - - 21.99 -
1946 -- -- -- -- -- -- -- -- -- -- -- -- -- 26.58 --
1947 -- -- -- -- -- -- -- -- -- -- -- -- -- 21.15 --
1948 -- -- -- -- -- -- -- -- -- - - - - 20.61 -
1949 -- -- -- -- -- -- -- -- -- -- 9.59 6,940 1.64 1648 9.97
1950 -- -- -- -- -- -- -- -- -- -- 9.17 6,640 1.57 19.56 8.04
1951 -- -- -- -- -- -- -- -- -- -- 8.75 6,340 1.50  18.11 8.29
1952 -- -- -- -- -- -- -- -- -- -- 11.00 7,990 1.89  19.30 9.80
1953 -- -- -- -- -- -- -- -- -- -- 899 6,510 1.54  17.35 8.88
1954 -- -- -- -- -- -- -- -- -- -- 7.77 5,630 1.33 14.04 9.49
1955 -- -- -- -- -- -- -- -- -- -- 877 6,350 1.50  21.75 6.91
1956 -- -- -- -- -- -- -- -- -- -- 7.60 5,520 1.31 17.04 7.67
1957 -- -- -- -- -- -- -- -- -- -- 7.73 5,600 1.33 2250 5.89
1958 -- -- -- -- -- -- -- -- -- -- 7.08 5,120 1.21  20.04 6.05
1959 -- -- -- -- -- -- -- -- -- -- 6.84 4,950 1.17  21.25 5.52
1960 -- -- -- 16.68 -- -- -- -- -- -- 6.45 4,680 1.11 15.17 7.30
1961 -- -- -- 14.70 - - - - - -- 5.13 3,720 88 1547 5.69
1962 -- -- -- 26.63 -- -- -- -- -- - 6.69 4,840 1.15 2556 4.48
1963 -- -- -- 27.16 -- -- -- -- -- - 1020 7,400 1.75 2785 6.29
1964 -- -- -- 28.50 -- -- -- -- -- - 11.10 8,020 1.90  27.26 6.96
1965 -- -- -- 29.18 -- -- -- -- -- -- 16.60 12,030 2.85  29.65 9.60
1966 -- -- -- 18.23 -- -- -- -- -- -- 1440 10430 2.47 18.62  13.26
1967 -- -- -- 24.41 -- -- -- -- -- - 14.00 10,110 239 23385 10.03
1968 -- -- -- 21.72 -- -- -- -- -- - 11.50 8,360 1.98  20.77 9.53
1969 -- -- -- 23.12 -- -- -- -- -- -- 11.10 8,050 191 2397 7.95
1970 -- -- -- 21.11 - - - - 23.44 -- 12.60 9,090 2.15  20.88 10.30
1971 -- -- -- 24.27 - - - - 26.14 -- 12.80 9,260 2.19 2427 9.03
1972 -- -- -- 25.92 -- -- -- -- 25.68 - 12.50 9,100 2.15  24.03 8.97
1973 -- -- -- 24.00 -- -- -- -- 25.35 - 12.00 8,670 205 2472 8.30
1974 - - - 17.89 - - - - 18.68 -- 10.10 7,320 1.73 17.17 10.09
1975 2.04 1,480 2.69 20.17 13.36 - - -- 20.97 - 11.30 8,160 1.93 19.88 9.72
1976 1.32 958 1.74 2333 7.48 -- -- -- 25.12 - 9.85 7,150 1.69  23.63 7.16
1977 .94 682 1.24 2381 5.21 -- -- -- 26.30 - 10.60 7,700 1.82 2545 7.16
1978 2.02 1,470 2.68 2491 10.74 -- -- -- 26.69 - 13.90 10,100 239 2583 9.26
1979 2.59 1,870 340 2256  15.09 - - - 2491 -- 12.70 9,200 2.18 2440 8.93
1980 2.46 1,790 326 17.16  18.99 -- -- -- 19.12 - 10.60 7,730 1.83 18.63 9.83
1981 2.04 1,480 269 1893  14.23 -- -- -- 2091 - 896 6,480 1.53 19.57 7.84
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Table 19. Annual flow and precipitation data for limestone headwater basins—Continued

[Precip, precipitation; RE, runoff efficiency; Max, maximum; Min, minimum; Std dev, standard deviation; CV, coefficient of variation; ft3/s, cubic feet per
second; acre-ft, acre-feet; --, no data]

Water Flow Precip RE Flow Precip RE Flow Precip RE
. (per- . (per- . (per-
year ft%s  acre-ft inches (inches) cent) ft%s  acre-ft inches (inches) cent) ft¥/s  acre-ft inches (inches) cent)
Beaver Creek at Mallo Camp, near Four Rhoads Fork near Rochford Castle Creek above Deerfield Reservoir,
Corners, Wyo. (06392900)—Continued (06408700)—Continued near Hill City (06409000)—Continued
1982 2.14 1,550 2.82 2734  10.32 - - - 32.11 -- 9.78 7,080 1.68  28.42 5.90
1983 - - - 18.42 - 578 4,180 9.86 1843 5348 | 15.10 10,930 259 1934 1338
1984 - - - 20.97 - 6.95 5,050 1191 2256 5280 | 1690 12,270 290 2047 14.19
1985 - - - 14.19 - 6.43 4,660 1099 1650 66.62 | 11.10 8,010 1.90 1443 13.14
1986 - - - 23.81 - 5.50 3,980 939 2248 41.76 | 13.10 9470 224 2432 9.22
1987 - - - 15.83 - 5.09 3,680 8.68 1543 5626 | 11.60 8,370 1.98 15.70  12.62
1988 - - - 15.53 - 5.16 3,750 8.84 1552 57.00 | 11.00 7,990 1.89  15.13 12.50
1989 - - - 19.23 - 4.49 3,250 7.67 1898  40.39 9.26 6,700 1.59 17.82 8.90
1990 - - - 21.34 - 4.02 2910 6.86 2093  32.79 9.56 6,920 1.64 19.16 8.55
1991 - - - 23.98 - 3.69 2,670 630 24.16 26.06 | 11.00 7,940 1.88  22.88 8.22
1992 1.47 1,060 1.93  21.01 9.18 374 2,710 6.39 23.16 27.60 | 1030 7,450 1.76  20.21 8.73
1993 1.15 833 .52 27.11 5.59 399 2,890 6.82 2820 24.17 | 13.00 9430 223 26.52 8.42
1994 1.75 1,260 229 2417 9.49 4.63 3,350 790 2200 35091 14.30 10,320 244 19.11 12.79
1995 1.92 1,390 2.53 28091 8.75 5.33 3,860 9.10 29.11 3127 | 17.00 12,330 292  27.55 10.60
1996 1.96 1,420 2.58 2845 9.09 6.41 4,650 1097 29.79 36.82 | 2230 16,210 3.84  30.10 1275
1997 2.30 1,670 3.04 2753 11.04 7.53 5450 1285 32,14 3999 | 27.70 20,090 476  29.17 16.31
1998 2.15 1,560 2.84 2754 1031 877 6,350 1498 3223 4647 | 2520 18,270 433  28.15 15.36
Summary Statistics (applies only to period of streamflow record)
Max 2.59 1,870 340 28091 18.99 877 6350 1498 3223  66.62 | 27.70 20,090 476  30.10 16.31
75th 2.15 1,555 2.83 2744  12.20 642 4,653 1097 2843 5297 | 1295 9,388 222  24.64 10.08
Median 2.02 1,470 2.68 24.17 10.31 5.25 3,805 897 2252 40.19 | 11.00 7,990 1.89  20.82 8.95
25th 1.61 1,160 2,11 21.79 8.92 4.37 3,165 746  18.84 3241 9.19 6,655 1.58 18.62 7.71
Min 94 682 124 17.16 5.21 3.69 2,670 630 1543 2417 5.13 3,720 .88 14.04 4.48
Mean 1.88 1,365 248 2420 10.59 5.47 3,962 934 2323 41.84 | 11.73 8,499 2.01  21.65 9.32
Std dev 47 344 .63 3.67 3.63 1.45 1,053 248 5.65 1252 4.37 3,169 75 441 2.63
Ccv -- -- 25 - - - - 27 - -- -- -- 37 -- --
Cold Springs Creek at Buckhorn, Wyo. Spearfish Creek near Lead Little Spearfish Creek near Lead
(06429500) (06430770) (06430850)
1960 - - - 16.68 - - - - - -- -- -- -- -- --
1961 - - - 14.70 - - - - - -- -- -- -- -- --
1962 - - - 26.63 - - - - - -- -- -- -- -- --
1963 - - - 27.16 - - - - - -- -- -- -- -- --
1964 - - - 28.50 - - - - - -- -- -- -- -- --
1965 - - - 29.18 - - - - - -- -- -- -- -- --
1966 - - - 18.23 - - - - - -- -- -- -- -- --
1967 - - - 24.41 - - - - - -- -- -- -- -- --
1968 - - - 21.72 - - - - - -- -- -- -- -- --
1969 - - - 23.12 - - - - - -- -- -- -- -- --
1970 - - - 21.11 - - - - - -- -- -- -- -- --
1971 - - - 24.27 - - - - - -- -- -- -- -- --
1972 - - - 25.92 - - - - - -- -- -- -- -- --
1973 - - - 24.00 - - - - - -- -- -- -- -- --
1974 - - - 17.89 - - - - - -- -- -- -- -- --
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Table 19. Annual flow and precipitation data for limestone headwater basins—Continued

[Precip, precipitation; RE, runoff efficiency; Max, maximum; Min, minimum; Std dev, standard deviation; CV, coefficient of variation; ft3/s, cubic feet per
second; acre-ft, acre-feet; --, no data]

Water Flow Precip RE Flow Precip RE Flow Precip RE
. (per- . (per- . (per-
year fi%s  acre-ft inches (inches) cent) ft%s  acre-ft inches (inches) cent) ft¥’s  acre-ft inches (inches) cent)
Cold Springs Creek at Buckhorn, Wyo. Spearfish Creek near Lead Little Spearfish Creek near Lead
(06429500)—Continued (06430770)—Continued (06430580)—Continued
1975 396 2,870 283  20.17 14.04 -- -- -- -- - - - - - -
1976 537 3,900 385 2333 1650 -- -- -- -- - - - - - -
1977 499 3,610 356  23.81 14.96 -- -- -- -- -- -- -- -- -- --
1978 492 3,560 351 24091 14.10 -- -- -- -- -- -- -- -- -- --
1979 4.66 3,370 333 2256 1474 -- -- -- -- -- -- -- -- -- --
1980 4.65 3,380 334  17.16 19.44 -- -- -- 18.38 - - - - 18.36 -
1981 457 3,310 327 1893  17.26 -- -- -- 21.11 - - - - 21.15 -
1982 458 3,320 328 2734 1198 -- -- -- 30.27 -- -- -- -- 32.22 --
1983 -- -- -- 18.42 -- -- -- -- 22.90 -- -- -- -- 22.54 --
1984 -- -- -- 20.97 -- -- -- -- 24.94 -- -- -- -- 25.92 --
1985 -- -- -- 14.19 -- -- -- -- 16.43 - - - - 16.12 -
1986 -- -- -- 23.81 -- -- -- -- 26.22 - - - - 27.69 -
1987 -- -- -- 15.83 -- -- -- -- 19.53 -- -- -- -- 21.25 --
1988 -- -- -- 15.53 -- -- -- -- 18.81 -- -- -- -- 20.21 --
1989 -- -- -- 19.23 -- 15.10 10,910 322 2079 1550 | 14.00 10,160 7.38 1930 3825
1990 -- -- -- 21.34 -- 14.20 10,280 3.04 2226 13.64 | 1320 9,560 695 23.08 30.11
1991 -- -- -- 23.98 -- 15.20 11,040 326 2595 1256 | 13.00 9,420 6.85 2625  26.08
1992 3.31 2,400 237  21.01 11.27 | 15.10 11,000 325 2378 13.66 | 1280 9,270 6.74 2325 28098
1993 292 2,110 2.08  27.11 7.68 | 18.10 13,130 388 19.14 1331 1250 9,030 6.56 2899 22.64
1994 3.11 2,250 222 2417 9.19 | 22.80 16,490 4.87 2405 2025 | 1430 10,360 7.53 2448 3075
1995 3.06 2,220 2.19 28091 7.58 | 30.30 21,910 6.47 3313 1953 | 1930 13960 10.15 3557 28.52
1996 370 2,690 2.65 2845 9.33 | 36.00 26,100 7.71 3037 2537 | 21.60 15,690 11.40 30.28  37.65
1997 5.01 3,630 358 2753 13.01 | 41.60 30,140 890 34.16 26.05| 2270 16,450 11.95 31.88  37.50
1998 6.19 4,480 442 2754 16.05 | 4590 33,250 982 3268 30.05| 2250 16,310 11.85 31.29 37.88
Summary Statistics (applies only to period of streamflow record)
Max 6.19 4,480 442 28091 19.44 | 4590 33,250 9.82 3416 30.05| 2270 16,450 1195 3557 38.25
75th 496 3,585 354 2744 1551 | 3458 25,053 740 3210 24.09 | 21.03 15258 11.09 31.04 37.62
Median 458 3,320 328 2417 14.04 | 2045 14,810 437 2754 1751 14.15 10,260 746  27.62 3043
25th 3.51 2,545 251 21.79 1030 | 15.13 11,010 325 2384 13.64 | 13.05 9455 6.87 2356  28.64
Min 292 2,110 2.08 17.16 7.58 | 14.20 10,280 3.04 2079 1256 | 1250 9,030 6.56 1930 22.64
Mean 433 3,140 310 2420 13.14 | 2543 18,425 544 2763 1899 | 1659 12,021 8.74 2744 31.84
Std dev .96 692 .68 3.67 358 | 1211 8,771 2.59 4.88 6.30 437 3,176 2.31 4.99 5.63
CV -- -- 22 -- -- -- -- 48 -- -- -- -- .26 -- --
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Table 21.

Annual flow and precipitation data for loss zone basins

[Precip, precipitation; RE, runoff efficiency; Std dev, standard deviation; CV, coefficient of variation; ft3/s, cubic feet per second; --, no data]

Spring Creek near Hermosa (06408500) Boxelder Creek near Rapid City (06423010)
Water year Flow Precip RE Flow Precip RE
ft%  acrefeet inches (Nches) (percent) | 43,5 acrefeet  inches  (Inches)  (percent)

1950 1.21 875 0.08 1691 0.49 - - - - -
1951 .19 140 .01 16.31 .08 - - - - -
1952 8.13 5,900 .56 17.60 3.16 -- -- - - -
1953 1.48 1,070 .10 16.13 .62 - -- -- - -
1954 .63 456 .04 12.47 34 -- -- - - -
1955 11 82 .01 19.09 .04 - - - - -
1956 .02 18 .00 16.04 .01 - - - - -
1957 11.20 8,090 .76 21.79 3.50 - - - - -
1958 1.52 1,100 .10 16.64 .62 -- -- -- - -
1959 .30 215 .02 17.81 11 -- -- - - -
1960 .03 24 .00 13.49 .02 -- -- - - -
1961 .00 1 .00 13.08 .00 - - - - -
1962 14.80 10,730 1.01 27.58 3.67 - - - - -
1963 13.50 9,750 .92 24.15 3.80 - - - - -
1964 3.01 2,190 21 18.19 1.13 - -- -- - -
1965 25.10 18,170 1.71 27.15 6.30 -- -- - - -
1966 1.59 1,150 A1 16.98 .64 -- - - - -
1967 12.10 8,770 .83 21.48 3.85 - - - - -
1968 1.87 1,360 13 18.08 71 - - - - -
1969 2.56 1,850 17 19.07 91 - - - - -
1970 32 230 .02 18.99 11 -- - - - -
1971 17.50 12,630 1.19 24.27 4.90 - -- - - -
1972 27.50 19,930 1.88 24.50 7.67 - -- - - -
1973 3.68 2,670 25 19.69 1.28 - - - - -
1974 1.16 842 .08 13.18 .60 - - - - -
1975 31 227 .02 1691 13 - - - - -
1976 7.06 5,130 48 23.02 2.10 -- -- -- - -
1977 1.55 1,120 A1 18.83 .56 -- -- - - -
1978 9.16 6,630 .62 20.97 2.98 -- -- - - -
1979 .88 639 .06 21.22 .28 0.00 0 0.00 21.59 0.00
112 Hydrologic Conditions and Budgets for the Black Hills of South Dakota, Through Water Year 1998



Table 21. Annual flow and precipitation data for loss zone basins—Continued

[Precip, precipitation; RE, runoff efficiency; Std dev, standard deviation; CV, coefficient of variation; ft3/s, cubic feet per second; --, no data]

Spring Creek near Hermosa (06408500) Boxelder Creek near Rapid City (06423010)
Water year Flow Precip RE Flow Precip RE
ft3/s acre-feet  inches  (Inches) (percent) ft3/s acrefeet  inches  (Inches) (percent)

1980 0.60 436 0.04 15.55 0.26 0.00 0 0.00 15.56 0.00
1981 .05 33 .00 18.37 .02 .00 0 .00 20.77 .00
1982 .65 468 .04 24.62 18 .10 70 .01 28.21 .04
1983 1.96 1,420 13 17.28 71 3.76 2,720 .40 20.17 1.97
1984 6.08 4,420 42 21.69 1.92 4.06 2,950 43 22.60 1.91
1985 1.68 1,220 11 12.38 93 .00 0 .00 13.05 .00
1986 .69 502 .05 24.63 .19 .00 0 .00 25.33 .00
1987 S1 370 .03 17.22 .20 .00 0 .00 15.41 .00
1988 .36 260 .02 13.77 18 .00 0 .00 13.27 .00
1989 .01 4 .00 18.12 .00 .00 0 .00 17.68 .00
1990 .00 0 .00 19.63 .00 .00 0 .00 17.56 .00
1991 15.30 11,050 1.04 24.18 4.31 2.29 1,660 24 24.27 1.00
1992 1.09 791 .07 17.71 42 .00 0 .00 17.74 .00
1993 16.90 12,270 1.16 24.77 4.67 3.50 2,530 37 24.75 1.50
1994 2.42 1,750 .16 13.21 1.25 1.40 1,010 15 15.20 97
1995 38.80 28,070 2.64 27.03 9.78 28.90 20,910 3.06 29.73 10.30
1996 27.50 20,000 1.88 26.02 7.24 21.20 15,380 2.25 27.25 8.27
1997 46.60 33,760 3.18 26.56 11.98 42.30 30,650 4.49 31.02 14.48
1998 20.70 15,000 1.41 24.04 5.88 10.10 7,310 1.07 26.45 4.05

Statistical Summary

Maximum 46.60 33,760 3.18 27.58 11.98 42.30 30,650 4.49 31.02 14.48
75th percentile | 11.20 8,090 76 24.04 3.50 3.84 2,778 41 25.61 1.93
Median 1.59 1,150 11 18.83 64 .05 35 01 21.18 02
25th percentile | .51 370 03 16.91 18 .00 0 .00 17.06 .00
Minimum .00 0 .00 12.38 .00 .00 0 .00 13.05 .00
Mean 7.15 5,180 49 19.56 2.06 5.88 4,260 62 21.38 2.22
Std dev 10.74 7,782 73 431 2.79 11.55 8,367 1.23 5.58 4.06
cv - - 1.49 - - - - 1.98 - -
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Table 22. Annual flow and precipitation data for artesian spring basins

[Precip, precipitation; Max, maximum; min, minimum; Std dev, standard deviation; CV, coefficient of variation; ft3/s, cubic feet per second;

acre-ft, acre-feet; --, no data]

Water Flow Precip Flow Precip Flow Precip Flow Precip
vear | s acre-ft inches (iNches)| %5 acre-ft inches (INhes) f3/s  acre-ft inches (INChes)| fi3/s  acre-ft inches (inches)
Stockade Beaver Creek near Cascade Springs near Hot Fall River at Hot Beaver Creek above Buffalo
Newcastle, Wyo. (06392950) Springs (06400497) Springs (06402000) Gap (06402470)

1931 - - - - -- - - - -- - - 1432 | - - - -
1932 - - - - -- - - - -- - - 21.81 - - - -
1933 - - - - -- - - - -- - - 2246 | -- - - -
1934 - - - - -- - - - -- - - 1073 | -- - - -
1935 - - - - -- - - - -- - - 2073 | - - - -
1936 - - - - -- - - - -- - - 1035 -- - - -
1937 - - - - -- - - - -- - - 16.16 | -- - - -
1938 - - - - -- - - - -- - - 1725 -- - - -
1939 - - - - -- - - - 28.50 20,630 2.82 12.19| -- - - -
1940 - - - - -- - - - 30.70 22,310 3.05 13.88| -- - - -
1941 - - - - -- - - - 31.60 22,900 3.13 20.82| -- - - -
1942 - - - - -- - - - 2920 21,150  2.89 21.11 - - - -
1943 - - - - -- - - - 29.00 21,010 2.88 18.70 | -- - - -
1944 - - - - -- - - - 29.60 21,470 294 18.77| -- - - -
1945 - - - - -- - - - 31.50 22,780  3.12 16.64 | -- - - -
1946 - - - - -- - - - 27.60 20,010 274 20.62| -- - - -
1947 - - - - -- - - - -- - - 2149 | - - - -
1948 - - - - -- - - - 29.10 21,150 2.89 16.87 | -- - - -
1949 - - - - -- - - - 2870 20,760  2.84 17.00 | -- - - -
1950 - - - 1842 | -- - - 13.92 | 26.10 18,900 259 13.76 | -- - - 14.55
1951 - - - 19.19 | -- - - 15.84 | 2720 19,680  2.69 16.08 | -- - - 15.53
1952 - - - 18.77 | -- - - 1532 27.00 19,620 2.69 12.83| -- - - 14.51
1953 - - - 17.63 | -- - - 14.63 | 2550 18,490 253 13.66 | -- - - 14.53
1954 - - - 13.74 | -- - - 11.63 | 25.00 18,080 247 1199 | -- - - 12.36
1955 - - - 20.56 | - - - 18.66 | 2420 17,530 240 1934 | -- - - 19.27
1956 - - - 1647 | -- - - 15.53 | 23.80 17,250 236 1400 | -- - - 14.87
1957 - - - 2140 | -- - - 20.04 | 22.60 16,390 224 2076 | -- - - 20.84
1958 - - - 19.55 | -- - - 17.57 | 2420 17,480 239 18.03| -- - - 18.25
1959 - - - 19.08 | -- - - 1630 | 23.60 17,080 234 15.17| -- - - 16.62
1960 - - - 15.19 | -- - - 10.40 | 23.80 17,250  2.36 812 | -- - - 9.87
1961 - - - 13.78 | -- - - 12.54 | 2440 17,680 242 13.20| -- - - 13.10
1962 - - - 25.00 | -- - - 21.90 | 2350 17,020 233 1979 | -- - - 21.56
1963 - - - 2522 | -- - - 22.87 | 23.80 17,230 236 23.02| -- - - 24.49
1964 - - - 26.15 | -- - - 16.03 | 24.00 17,430 239 14.11 - - - 15.54
1965 - - - 2770 | -- - - 2271 | 24.10 17470 239 2033 | -- - - 22.17
1966 - - - 1741 | -- - - 15.83 | 2330 16,870 231 14.66 | -- - - 15.81
1967 - - - 2335 | -- - - 20.67 | 23.40 16,970 232 18.88| -- - - 19.86
1968 - - - 2026 | -- - - 19.47 | 2420 17,600 241 18.63 | -- - - 19.99
1969 - - - 2237 | -- - - 16.52 | 2290 16,610 227 1395| -- - - 15.90
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Table 22. Annual flow and precipitation data for artesian spring basins—Continued

[Precip, precipitation; Max, maximum; min, minimum; Std dev, standard deviation; CV, coefficient of variation; ft3/s, cubic feet per second;
acre-ft, acre-feet; --, no data]

Flow

Flow

Flow

Flow

Water Precip Precip Precip Precip
vear | ft%s acre-ft inches (INChes)| g5  acre-ft inches (INches)| {35  acre-ft inches (INChes)| f3s  acre-ft inches (inches)
Stockade Beaver Creek near Cascade Springs near Fall River at Beaver Creek above
Newcastle, Wyo. Hot Springs Hot Springs Buffalo Gap
(06392950)—Continued (06400497)—Continued (06402000)—Continued (06402470)—Continued
1970 - - - 1922 -- - - 17.00 | 21.20 15,350 2.10 15.31 - - - 16.78
1971 - - - 22.66 | -- - - 20.55 | 22.00 15940 2.18 1947 | -- - - 20.94
1972 - - - 2503 | -- - - 20.04 | 21.70 15,780  2.16 1656 | -- - - 18.77
1973 - - - 2264 | -- - - 18.57 | 21.90 15,880  2.17 1843 | -- - - 18.76
1974 - - - 16.75 | -- - - 12.13 | 2090 15,150 2.07 13.03| -- - - 12.24
1975 12.80 9,300 1.63 1940 | -- - - 1629 | 21.50 15,590 213  15.61 - - - 16.35
1976 1270 9,220 1.62 2211 | -- - - 20.76 | 21.00 15,250  2.09 19.51 - - - 20.83
1977 12.50 9,020 1.58 2230 | 19.50 14,100 562.50 19.10 | 21.50 15,580  2.13 1892 | -- - - 19.59
1978 12.80 9,280 1.63 23.87 | 2120 15360 612.77 20.03 | 22.80 16,480 226 1920| -- - - 19.84
1979 13.00 9,390 1.65 21.59| 1950 14,130 563.70 17.14| 2230 16,160 221 1543 | -- - - 17.14
1980 11.40 8,270 1.45 1636 | 2040 14,790 590.03 14.55| 2120 15360 2.10 1327 | -- - - 14.23
1981 1020 7,410 1.30 1794 | 18.60 13,490 538.16 17.03 | 2090 15,130 2.07 1636| -- - - 17.27
1982 1020 7,380 129 2549 | 1990 14,440 576.06 23.48 | 2140 15520 2.12 2329 | -- - - 23.87
1983 - - - 17.41 | 21.10 15,300 610.37 14.94| 21.00 15,170 2.08 14.25| -- - - 14.70
1984 - - - 20.01 | 21.40 15,510 618.75 19.75| 21.50 15,610 2.14 19.25| -- - - 20.32
1985 - - - 13.21 | 20.60 14,910 594.81 11.56| 21.60 15,620 2.14 11.69 | -- - - 11.79
1986 - - - 23.40 | 2090 15,110 602.79 22.00 | 2220 16,090 220 19.87 | -- - - 22.30
1987 - - - 15.09 | 21.30 15,420 615.16 1527 | 21.80 15,810 216 1513 | -- - - 15.74
1988 - - - 1486 | 19.60 14,230 567.69 12.95| 21.30 15470 2.12 1329 | -- - - 13.07
1989 - - - 18.30 | 1830 13,250 52859 16.24| 21.50 15,550  2.13 14.68 | -- - - 16.61
1990 - - - 2030 | 18.80 13,620 543.35 18.99 | 21.90 15,880  2.17 1795| -- - - 19.17
1991 - - - 2359 | 1840 13,310 530.98 20.89 | 21.20 15380  2.10 18.26 8.19 5,930 1.00  20.35
1992 9.80 7,110 125 2017 | 17.80 12,940 51622 18.11 | 21.70 15,730  2.15 19.00 8.12 5,900 1.00  20.35
1993 10.40 7,510 1.32 2658 | 1630 11,790 470.35 24.17 | 2230 16,120 221 25.06 9.17 6,640 .12 25.86
1994 10.40 7,530 1.32 21.84| 1840 13,290 530.19 13.55| 21.80 15,800 2.16 13.42 9.68 7,010 1.18  14.73
1995 1220 8,810 1.54  27.85| 19.00 13,760 548.94 2733 | 23.70 17,150 235 27.78| 13.70 9,910 1.67 3197
1996 13.40 9,730 171 27.66 | -- - - 2328 | 2450 17,780 243  20.15| 11.30 8,220 1.39 2238
1997 1430 10,360 1.82 2598 | -- - - 2472 | 2550 18,450 253 2592 | 11.30 8,160 1.38  27.21
1998 1620 11,720  2.05 26.78 | -- - - 2391 | 2620 19,000 2.60 23.72| -- - - 24.76
Summary Statistics (applies only to period of streamflow record)
Max 16.20 11,720  2.05 27.85| 2140 15,510 618.75 2733 | 31.60 22900 3.13 27.78 | 13.70 9,910 1.67  31.97
75th 1290 9,345 1.64 2628 | 20.75 15,010 598.80 20.46 | 2538 18,358 251 19.83| 11.30 8,190 1.38  26.53
Median | 1250 9,020 1.58 2230 | 19.50 14,130 563.70 18.11 | 2345 16,995 233 18.26 9.68 7,010 1.18 2238
25th 10.40 7,520 1.32 2088 | 18.50 13,400 53457 15.11 | 21.70 15,743  2.15 14.67 8.68 6,285 1.06  20.35
Min 9.80 7,110 125 1636 | 1630 11,790 47035 11.56 | 2090 15,130  2.07 8.12 8.12 5,900 1.00 14.73
Mean 12.15 8,803 1.54  23.06 | 19.53 14,145 56428 1827 | 23.61 17,105 234 1748 | 10.21 7,396 1.25  23.26
Std dev 1.78 1,288 .23 3.62 1.39 1,011 4034 4.13 253 1,833 25 4.16 2.02 1,454 25 5.61
CV - - A5 - -- - 07 - -- - A1 - - -- 20 -
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Table 22. Annual flow and precipitation data for artesian spring basins—Continued

[Precip, precipitation; Max, maximum; Min, minimum; Std dev, standard deviation; CV, coefficient of variation; ft3/s, cubic feet per second;
acre-ft, acre-feet; --, no data]

Water Flow Precip Flow Precip Flow Precip
vear | g%s acre-ft inches (inches) #3s acreft inches (iNches)| 3  acre-ft inches (inches)
Sand Creek near Ranch A, near | Crow Creek near Beulah, Wyo. [Cox Lake outlet near Beulah, Wyo.
Beulah, Wyo. (06429905) (06430532) (06430540)

1950 -- -- -- 19.62 - - - 20.53 -- - -- 22.48
1951 - - - 1932 | - - - 20.07 | -- - - 20.70
1952 -- -- -- 18.10 - - - 16.97 -- - -- 21.50
1953 - - - 1858 | -- - - 1771 | - - - 22.31
1954 -- -- -- 14.88 - - - 14.72 -- - -- 18.48
1955 - - - 21.24 | - - - 19.55 | -- - - 23.98
1956 -- -- -- 17.05 - - - 17.17 -- - -- 19.75
1957 - - - 2144 | - - - 2140 | -- - - 25.18
1958 -- -- -- 18.64 - - - 17.64 -- - -- 21.59
1959 - - - 16.17 | - - - 1284 | -- - - 16.89
1960 -- -- -- 16.33 - - - 15.10 -- - -- 19.21
1961 - - - 13.67 | - - - 1279 | - - - 15.15
1962 -- -- -- 28.06 - - - 29.10 -- - -- 32.28
1963 - - - 2481 | -- - - 2358 | -- - - 28.25
1964 -- -- -- 26.99 - - - 25.22 -- - -- 29.67
1965 - - - 2798 | -- - - 2873 | - - - 30.47
1966 -- -- -- 18.44 - - - 20.01 -- - -- 19.81
1967 - - - 2416 | -- - - 2450 | - - - 25.69
1968 -- -- -- 21.81 - - - 22.49 -- - -- 24.23
1969 - - - 19.88 | -- - - 1927 | - - - 20.68
1970 - - - 2399 | -- - - 28.66 | - - - 28.25
1971 - - - 2474 | - - - 2679 | - - - 28.49
1972 -- -- -- 26.74 - - - 29.22 -- - -- 29.79
1973 - - - 2339 | -- - - 2453 | - - - 24.92
1974 - - - 18.12 | -- - - 2031 | - - - 20.30
1976 - - - 2534 | -- - - 2890 | -- - - 29.55
1977 28.10 20,380 143 2217 - - - 22.17 -- - -- 23.87
1978 29.50 21,330 1.50 2410 | -- - - 2492 | - - - 26.30
1979 24.50 17,770 1.25  20.72 - - - 20.08 -- - -- 21.72
1980 21.80 15,820 .11 1662 | -- - - 1643 | -- - - 17.38
1981 18.30 13,240 93 1970 | -- - - 2090 | -- - - 21.38
1982 2220 16,040 1.13 2832 | -- - - 31.84 | - - - 31.72
1983 24.60 17,810 1.25  19.27 - - - 19.37 -- - -- 21.96
1984 - - - 2313 | - - - 2545 | - - - 25.47
1985 -- -- -- 14.54 - - - 14.54 -- - -- 15.13
1986 - - - 2596 | -- - - 28.15 | -- - - 27.62
1987 - - - 1874 | -- - - 20.65 | -- - - 20.13
1988 - - - 17.02 | - - - 1874 | -- - - 19.06
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Table 22. Annual flow and precipitation data for artesian spring basins—Continued

[Precip, precipitation; Max, maximum; Min, minimum; Std dev, standard deviation; CV, coefficient of variation; ft3/s, cubic feet per second;
acre-ft, acre-feet; --, no data]

Flow

Flow

Flow

Water Precip Precip Precip
vear | g%s acre-ft inches (inches)| g3  acreft inches (iNches)| 3  acre-ft inches (inches)
Sand Creek near Ranch A, Crow Creek near Beulah, Wyo. [Cox Lake outlet near Beulah, Wyo.
near Beulah, Wyo. (06430532)—Continued (06430540)—Continued
(06429905)—Continued
1989 - - - 1872 | - - - 1897 | -- - - 20.40
1990 - - - 2046 | - - - 20.09 | -- - - 20.45
1991 - - - 2241 | - - - 21.77 426 3,000 827.68 23.47
1992 1570 11,410 .80 1952 | -- - - 18.56 4.18 3,030 811.61 20.65
1993 16.40 11,890 .83 2630 | 37.40 27,100 1245 25.68 421 3,040 81429 2854
1994 17.20 12,470 .88  21.53 | 37.80 27,400 12.59 18.68 4.19 3,030 811.61 20.16
1995 23.30 16,880 1.19  31.21 | 4290 31,080 14.28 30.95 428 3,100 830.36 3522
1996 2430 17,650 124 2850 | 4450 32,290 14.84 2686 | -- - - 29.00
1997 25.60 18,550 1.30 26.13 | 4380 31,680 14.56 2556 | -- - - 31.62
1998 24.60 17,820 1.25 2483 | 37.70 27,290 1254 2342 | -- - - 28.70
Summary Statistics (applies only to period of streamflow record)

Max 29.50 21,330 1.50 31.21 | 4450 32,290 14.84 30.95 428 3,100 830.36 3522
75th 24.60 17,818 125 2625 | 44.15 31985 1470 28.90 426 3,000 827.68 28.54
Median | 23.80 17,265 121  23.14 | 4035 29,240 1344 25.62 421 3,040 81429 2347
25th 19.18 13,885 98 1995 | 37.73 27,318 1255 23.95 419 3,030 811.61 20.65
Min 15.70 11,410 .80  16.62 | 37.40 27,100 12.45 18.68 4.18 3,030 81l.61 20.16
Mean 22.58 16,361 1.15 2349 | 40.68 29473 13.54 25.19 422 3,058 819.11 2561
Std dev 426 3,083 22 4.24 338 2453 1.13 4.05 .04 34 9.16 6.32
Ccv - - A9 - - - 08 - - - 01 -
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Table 23. Annual flow and precipitation data for exterior basins

[Precip, precipitation; RE, runoff efficiency; Max, maximum; Min, minimum; Std dev, standard deviation; CV, coefficient of variation; ft3/s, cubic feet per
second; acre-ft, acre-feet; --. no data]

Water Flow Precip E Flow Precip E Flow Precip E
vear | f3/s acre-ft inches (inches) .(:Zen:') ft¥s acre-ft inches (inches) g:i:-) ft%s acre-ft inches (inches) Sﬁ)
Hat Creek near Edgemont (06400000) Horsehead Creek at Oelrichs (06400875) Elk Creek subbasin (06425500-06425100)
1950 - - - 13.79 - -- - - - - - - - -- --
1951 30.50 22,070  0.40 13.29 298 | -- - - - - - - - -
1952 23.30 16,920 30 1245 244 | - - - - - - - - -- --
1953 12.30 8,880 .16 10.51 152 - - - -- -- -- - - -- --
1954 13.30 9,600 A7 11.19 154 -- I — - - - - - - -
1955 30.50 22,070 40 1754 226 -- - - - - - - - -- --
1956 7.86 5,710 100 1221 84| - - - - - - - - -- --
1957 54.70 39,580 71 1773 401 -- - - - - - - - -- --
1958 15.40 11,160 20 16.32 123 | -- - - - - - - - -- --
1959 9.89 7,160 13 14.26 90 | -- - - - - - - - -- --
1960 2.77 2,010 .04 871 41| - - - - - - - - -- --
1961 1.31 949 .02 13.10 A3 - - - - - - - - -- --
1962 21.90 15,860 28 18.22 1.56 | -- - - - - - - - -- --
1963 11.70 8,480 15 20.02 16| - - - -- -- -- - - - -
1964 578 4,190 .08 14.42 52| - - - - - - - - -- --
1965 18.40 13,340 24 19.52 123 | -- - - - - - - - -- --
1966 15.40 11,180 20 14.32 140 | -- - - - - - - - -- --
1967 [112.00 81,420 1.46 20.34 7.19 | -- - - - - - - - -- --
1968 51.30 37,220 .67 19.17 349 | -- - - - - - - - -- --
1969 8.82 6,390 A1 11.82 97| -- - - - - - - - -- --
1970 3.00 2,170 .04 13.39 29| - - - - - - - - -- --
1971 31.40 22,770 41 19.12 214 | - - - - - - - - -- --
1972 3.18 2,310 .04 1526 27| - - - - - - - - -- --
1973 13.70 9,910 .18 18.64 95| -- - - - - - - - -- --
1974 12.10 8,770 16 12.61 125 -- - - -- -- -- - - -- --
1975 1.27 918 .02 1285 A3 - - - - - - - - -- --
1976 6.02 4,370 .08 18.20 43| - - - - - - - - -- --
1978 16.60 11,980 22 1712 126 | -- - - - - - - - -- --
1979 2.78 2,020 .04 14.60 25| - - - - - - - - 18.83 -
1980 6.35 4,610 .08 13.46 62| -- - - - - 0.00 0 000 14.14 0.00
1981 .30 215 .00 13.50 03| -- - - - - .00 0 .00 20.28 .00
1982 25.00 18,090 320 2217 147 | -- - - - - 37.81 27,340 1.46 26.73 5.48
1983 922 6,670 120 1513 a9 - - - 18.16  -- 19.25 13,930 75 18.23 4.09
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Table 23. Annual flow and precipitation data for exterior basins—Continued

[Precip, precipitation; RE, runoff efficiency; Max, maximum; Min, minimum; Std dev, standard deviation; CV, coefficient of variation; ft3/s, cubic feet per
second; acre-ft, acre-feet; --. no data]

Water Flow Precip RE Flow Precip RE Flow Precip RE
vear | 35 acre-ft inches (inches) g;i:) f3/s acre-ft inches (inches) g:,:) ft3/s acre-ft inches (inches) SZT,:)
Hat Creek near Edgemont Horsehead Creek at Oelrichs Elk Creek subbasin
(06400000)—Continued (06400875)—Continued (06425500-06425100)—Continued
1984 22.60 16,420 029 17.38 1.70 | 642 4,660 047 15.65 299 930 6,760 036 22.21 1.63
1985 1.48 1,070 .02 12.82 15 .02 11 .00 11.46 .01 24 170 .01 12.68 .07
1986 40.10 29,010 52 20.17 2.58 | 29.30 21,210 2,13 2379 8.94 | 56.10 40,620 2.18  25.99 8.37
1987 12.80 9,270 17 15.11 1.10| 5.75 4,160 42 1461 2.85 | 14.17 10,250 55 16.13 3.40
1988 1.64 1,190 .02 1393 .15 .14 99 .01 14.89 .07 8 570 .03 12.89 24
1989 .16 117 .00 14.60 .01 .00 1 .00 13.69 .00 .00 0 .00 1698 .00
1990 29 206 .00 17.13 .02 .00 0 .00 13.89 .00 24 175 .01 17.62 .05
1991 43.10 31,230 56 16.27 345 | 26.30 19,080 191 21.46 8.91 2.57 1,860 100 2325 43
1992 .66 477 .01 17.03 .05 21 155 .02 17.55 .09 27 198 .01 16.75 .06
1993 34.30 24,800 45 21.80 2.04 | 11.30 8,170 .82 19.97 4.10 | 22.24 16,100 .86 24.65 3.50
1994 6.16 4,460 .08 12.55 .64 | 287 2,080 21 1151 1.81 | 18.35 13,290 71 14.00 5.09
1995 11.40 8,290 15 20.27 73 3.62 2,620 26 21.72 1.21 | 20.70 15,030 .81  28.55 2.82
1996 11.10 8,080 A5 17.18 .84 1.27 923 .09 17.17 54| 39.70 28,880 1.55 2492 6.21
1997 28.50 20,660 37 24.05 1.54 | 13.80 10,010 1.00 23.25 4.32 | 57.90 41,620 223  29.63 7.52
1998 451 3,260 .06 20.78 .28 .20 146 .01 19.07 08| 7.40 5,360 29 2240 1.28
Statistical Summary (applies only to period of streamflow record)
Max 112.00 81,420 1.46  24.05 7.19 | 29.30 21,210 213 2379 8.94 | 57.90 41,620 223 29.63 8.37
75th 22.78 16,545 30 18.33 1.55 8.86 6,415 .64 20.72 3.54 | 21.47 15,565 83 2478 4.59
Median | 11.55 8,385 15 15.49 93 2.87 2,080 21 1717 1.21 9.30 6,760 36 20.28 1.63
25th 3.14 2,275 .04 13.37 .29 17 123 .01 14.25 .07 .26 186 .01 1644 .07
Min .16 117 .00 871 .01 .00 0 .00 11.46 .00 .00 0 .00 12.68 .00
Mean 16.61 12,041 22 16.00 126 | 6.75 4,888 49 1731 239 | 16.16 11,692 .63 2042 2.65
Stddev | 19.69 14,290 .26 3.39 1321 957 6,936 70 4.08 3.06 | 19.04 13,755 74 542 2.80
Cv -- - 1.18 - -- -- -- 143 - -- - -- .17 - --
Hay Creek at Belle Fourche (06433500) Indian Creek near Arpan (06436700) Bear Butte Creek near Sturgis (06437500)
1945 -- - - -- -- -- - - -- -- -- - - 29.53 -
1946 -- - - -- -- -- - - -- -- 64.90 47,000 459 3723 1233
1947 -- - - -- -- -- - - -- -- 38.70 28,050 274 2416 1134
1948 -- - - -- -- -- - - -- -- 8.26 6,000 59 2321 252
1949 -- - - -- -- -- - - -- -- 9.40 6,800 .66 20.66 3.21
1950 -- - - -- -- -- - - -- -- 8.68 6,290 .61 21.85 2.81
1951 -- - - -- -- -- - - -- -- 3.61 2,610 25 21.36 1.19
1952 -- - - -- -- -- - - -- -- 10.60 7,710 75 20.55 3.66
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Table 23. Annual flow and precipitation data for exterior basins—Continued

[Precip, precipitation; RE, runoff efficiency; Max, maximum; Min, minimum; Std dev, standard deviation; CV, coefficient of variation; ft3/s, cubic feet per
second; acre-ft, acre-feet; --. no data]

Water Flow Precip RE Flow Precip RE Flow Precip RE
vear | 35 acre-ft inches (inches) g;i:) f3/s acre-ft inches (inches) g:,:) ft3/s acre-ft inches (inches) SZT,:)
Hay Creek at Belle Fourche Indian Creek near Arpan Bear Butte Creek near Sturgis
(06433500)—Continued (06436700)—Continued (06437500)—Continued

1953 - - - 1531 -- -- - - - - 10.70 7,710  0.75 22.15 3.40
1954 0.48 345 0.05 10.97 049 | -- - - - - 3.64 2,630 26 18.00 1.43
1955 .38 275 .04 14.99 28| - - - - - 272 1,970 19 22.87 .84
1956 .16 117 .02 13.18 14| - - - - - 72 520 .05 1943 .26
1957 1.01 731 A1 17.88 63| -- - - - - 5.10 3,690 36 2525 1.43
1958 .58 419 .06 14.54 45| - - - - - .81 586 .06 21.49 27
1959 a1 77 .01 10.29 A2 - - - - - .60 434 .04 1643 26
1960 20 146 .02 11.86 A9 - - - - - 1.10 796 .08 17.58 44
1961 01 9 .00 10.33 01| - - - 896  -- .00 0 .00 1534 .00
1962 311 2,250 35 2370 1.47 | 30.90 22,360 1.33 2237 595 30.10 21,800  2.13 34.11 6.24
1963 .60 435 .07 2042 33| 18.80 13,600 .81 19.36 4.18 | 19.10 13,830 1.35 27.02 5.00
1964 1.64 1,190 .18 18.34 1.01 | 12.20 8,870 53 15.14 3.49 | 14.40 10,470 1.02  28.77 3.55
1965 1.58 1,150 .18 18.78 95| 1630 11,780 70 18.34 3.82 | 24.60 17,780 1.74  29.16 5.95
1966 57 410 .06 16.36 39| 328 2,380 .14 12.80 .11 | 872 6,310 .62 19.95 3.09
1967 1.22 884 .14 18.66 73| 46.60 33,710 2.01 17.24 11.64 | 23.00 16,640 1.63  26.27 6.19
1968 45 326 .05 1741 29 27 196 .01 12,57 09| 438 3,180 31 23.27 1.33
1969 44 320 .05 1595 31| 6.14 4,440 26 11.36 233 994 7,200 70 19.01 3.70
1970 1.65 1,190 18 22.65 81| 779 5,640 34 13.84 243 | 17.20 12,450 1.22 2597 4.68
1971 3.03 2,190 34 20.46 1.66 | 37.70 27,310 1.63 14.16 11.48 | 25.30 18,300 1.79  29.80 6.00
1972 550 3,990 .62 24.84 249 | 5520 40,110 239 1944 1228 | 2990 21,690 2.12 28.54 7.42
1973 335 2,420 .38 19.96 1.88 | 247 1,790 A1 14.65 T3 - - - 2494 -
1974 1.89 1,370 21 16.57 1.28 1.98 1,430 .09  13.40 64| - - - 19.20 -
1975 1.34 971 A5 1575 96 | 25.50 18,440 1.10 14.12 707 - - - 2145 -
1976 345 2,500 39 23.66 1.64 | 29.00 21,070 1.25 15.78 795 | -- - - 29.62 -
1977 28 204 .03 17.40 18| 879 6,360 38 13.58 279 | - - - 23.08 -
1979 .95 687 A1 1693 .63 | 11.30 8,210 49 1237 395 | -- - - 21.04 -
1980 27 197 .03 14.06 22 .39 285 .02 10.85 d6 | -- - - 16.53 -
1981 .69 500 .08 19.45 40 5.01 3,630 22 15.88 136 | -- - - 22.63 -
1982 4.88 3,530 55 27.44 199 | -- - - 2392 - - - - 29.65 -
1983 229 1,660 26 19.23 134 | -- - - 14.77 - - - - 22.18 -
1984 271 1,970 31 21.60 141 | -- - - 16.25 - - - - 26.01 -
1985 32 228 .04 1334 26| - - - 846  -- - - - 14.58 -
1986 1.09 789 12 28.44 43| - - - 2144 - - - - 28.79 -
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Table 23. Annual flow and precipitation data for exterior basins—Continued

[Precip, precipitation; RE, runoff efficiency; Max, maximum; Min, minimum; Std dev, standard deviation; CV, coefficient of variation; ft3/s, cubic feet per

second; acre-ft, acre-feet; --. no data]

Water Flow Precip RE Flow Precip RE Flow Precip RE
vear | 35 acre-ft inches (inches) g;i:) f3/s acre-ft inches (inches) g:,:) ft3/s acre-ft inches (inches) SZT,:)
Hay Creek at Belle Fourche Indian Creek near Arpan Bear Butte Creek near Sturgis
(06433500)—Continued (06436700)—Continued (06437500)—Continued
1987 1.50 1,090 0.17 19.38 087 | -- - - 17.83 -- - - - 2050 -
1988 32 233 .04 13.26 27| - - - 9.81 -- -- - - 19.88 -
1989 57 413 .06 17.16 37| - - - 10.91 -- -- - - 2074 --
1990 .55 395 .06 16.67 37| - - - 15.55 -- - - - 20.65 -
1991 44 315 .05 16.77 29| - - - 1192 -- - - - 2572 --
1992 a1 7 .01 14.79 08| -- - - 13.01 -- - - - 2096 -
1993 231 1,670 26 25.69 1.01 | -- - - 20.88 - - - - 3054 --
1994 1.64 1,190 18 15.24 121 - - - 11.18 - -- - - 20.04 -
1995 8.08 5,850 91 28.45 319 | -- - - 19.89 - -- - - 3797 -
1996 8.80 6,390 99 2251 440 | -- - - 18.85 -- -- - - 3063 -
1997 -- - - 2234 - -- - - 16.00  -- - - - 3336 -
1998 -- - - 2053 -- -- - - 17.83 -- - - - 27.86 -
Statistical Summary (applies only to period of streamflow record)
Max 8.80 6,390 0.99 2845 4.40 | 80.00 57,950 3.45 2237 2059 | 64.90 47,000 459 3723 1233
75th 230 1,665 26 20.60 1.31 | 29.48 21,393 1.27 16.87 7.82 | 21.05 15,235 1.49 26.64 5.48
Median | 1.01 731 A1 17.41 .63 | 11.75 8,540 S1 1441 3.66 | 9.40 6,800 .66 22.87 3.21
25th 44 318 .05 15.12 29| 458 3,318 20 13.25 130 | 3.63 2,620 26 20.25 1.26
Min .01 9 .00 10.29 .01 27 196 .01 10.85 .09 .00 0 .00 15.34 .00
Mean 1.74 1,264 20 18.28 93 | 1998 14,478 .86 15.20 5.24 | 13.93 10,091 99  23.68 3.65
Stddev | 2.02 1,467 23 4.65 91| 21.30 15,436 92 2098 531 | 1471 10,654 1.04 525 3.19
CvV -- -- .15 - -- -- -- 1.07 - -- -- -- 1.05 - --
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Table 24. Annual flow and precipitation data for combination basins

[Precip, precipitation; RE, runoff efficiency; Max, maximum; Min, minimum; Std dev; standard deviation; CV, coefficient of variation; ft3/s, cubic feet per
second; acre-ft, acre-feet; --, no data]

Water Flow Precip RE Flow Precip RE Flow Precip RE
year ft%s  acreft inches (inches) ((;’;i';) ft3)s  acre-ft inches (inches) ((:'::-) ft3)s  acre-ft inches (inches) ((:';:;-)
Beaver Creek near Buffalo Gap Battle Creek at Hermosa Rapid Creek above Pactola Reservoir
(06402500) (06406000) (06410500)

1938 - - -- 17.26 - - - - - - - - - - -
1939 578 4,180 0.60 13.02 4.63 - - - - - - - - - -
1940 5.02 3,650 53 14.05 3.5 - - - - - - - - - -
1941 8.66 6,270 90  20.63 4.38 - - - - - - - - - -
1942 8.84 6,400 92 21.63 4.27 - - - - - - - - - -
1943 1030 7,490 1.08  19.02 5.68 - - - - - - - - - -
1944 779 5,650 .81 18.11 4.50 - - - - - - - - - -
1945 7.59 5,500 79 16.84 4.71 - - - - - - - - - -
1946 6.40 4,630 .67 20.86 3.20 - - - - - - - - - -
1947 11.10 8,060 1.16 2195 5.30 - - - - - - - - - -
1948 7.38 5,360 J7 1626 4.76 - - - - - - - - - -
1949 581 4,210 .61 16.74 3.63 - - - 18.70 - - - - - -
1950 5.59 4,050 58 1440 4.06 435 3,150 033 1472 2.25 - - - - -
1951 6.81 4,930 71 1551 4.58 520 3,760 40 16.23 2.44 - - - - -
1952 5.58 4,050 S8 1444 405 | 16.10 11,660 123 1745 7.04 - - - - -
1953 486 3,520 51 1429 3.55 472 3,420 36 16.08 2.24 - - - 18.70 -
1954 5.52 4,000 S8 1254 4.60 1.58 1,140 A2 1148 1.05 | 22.11 16,000 1.03  15.13 6.79
1955 7.17 5,190 75 1952 3.84 .99 718 .08 18.23 41| 31.26 22,650 145 2250 6.46
1956 593 4310 62 1470 423 278 2,020 21 17.20 1.24 | 26.11 18,980 122 1747 6.98
1957 778 5,630 81 20.67 393 | 22.80 16,490 1.74  21.55 8.06 | 33.64 24,330 1.56  23.39 6.68
1958 8.80 6,370 92 18.58 4.94 6.10 4,410 46 1747 2.66 | 24.81 18,000 1.16  19.38 597
1959 530 3,840 55 16.50 3.36 246 1,780 19 17.07 1.10 | 24.19 17,500 .12 19.97 5.63
1960 478 3,470 .50 9.91 5.05 1.69 1,220 A3 12012 1.06 | 21.61 15,680 1.01 17.41 5.78
1961 378 2,730 39 1291 3.05 1.04 750 .08  12.63 63 | 1553 11,210 72 14.88 4.84
1962 6.56 4,750 .69 2148 319 | 19.90 14,400 1.52  26.65 5.69 | 4222 30,580 1.96  28.20 6.96
1963 9.67 7,000 1.01 2494 405 | 1690 12,230 129 2458 524 | 66.96 48,450 311 2765 11.25
1964 6.42 4,660 .67 1550 434 6.85 4,970 52 1834 2.85 | 55.67 40,380 259 2717 9.54
1965 8.11 5870 85 2198 385 | 26.50 19,150 202 2741 736 | 93.03 67,370 433 29.07 14.88
1966 7.61 5510 79 1574 5.05 497 3,590 38 1748 2.16 | 40.96 29,640 1.90 18.06 1054
1967 7.63 5,520 .80 19.61 4.06 | 1830 13,240 1.39 2247 6.21 | 58.19 42,120 270 2418  11.19
1968 6.76 4910 g1 19.83 3.57 6.47 4,700 S50 19.65 2.52 | 33.86 24,590 1.58  21.46 7.36
1969 5.69 4,120 59 1554 3.82 620 4,490 A7 1859 2.54 | 34.14 24,730 1.59 2252 7.05
1970 6.53 4,730 .68 16.77 4.07 506 3,660 39 2042 1.89 | 53.75 38,890 250 2229  11.20
1971 8.60 6,230 90  20.77 433 | 1770 12,830 135 24.08 5.61 | 59.27 42,880 275 2524 1091
1972 7.83 5,680 .82 18.63 440 | 20.00 14,510 1.53 2329 6.56 | 45.12 32736 2,10 26.12 8.05
1973 6.59 4,770 .69 18.56 371 11.80 8,540 90  18.50 4.86 | 43.79 31,701 2.04 2326 8.75
1974 546 3,950 S7 1230 4.63 476 3,450 36 11.72 3.10 | 24.87 18,002 1.16  17.15 6.74
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Table 24. Annual flow and precipitation data for combination basins—Continued

[Precip, precipitation; RE, runoff efficiency; Max, maximum; Min, minimum; Std dev; standard deviation; CV, coefficient of variation; ft3/s, cubic feet per
second; acre-ft, acre-feet; --, no data]

Water Flow Precip RE Flow Precip RE Flow Precip RE
year ft%s  acreft inches (inches) ((:Z?,I;-) f3)s  acre-ft inches (inches) ((:Z?,I;-) f3)s  acre-ft inches (inches) ((:Z?,I;)
Beaver Creek near Buffalo Gap Battle Creek at Hermosa Rapid Creek above Pactola Reservoir
(06402500)—Continued (06406000)—Continued (06410500)—Continued
1975 7.14 5,170 0.75 1644 4.54 468 3,390 036  16.71 2.14 | 3875 28,015 1.80 1991 9.04
1976 6.26 4,540 .65  20.83 3.14 | 17.00 12,370 1.30 2274 5.73 | 40.93 29,700 191  24.89 7.66
1977 6.10 4,420 64 1971 3.23 499 3,610 38 1876 2.03 | 39.63 28,674 1.84 2373 7.76
1978 7.57 5,480 79 19.59 4.03 | 1440 10410 1.10  21.12 5.19 | 59.03 42,742 274 2505  10.96
1979 790 5,720 .83 17.00 4.85 744 5390 S7 1935 293 | 3890 28,136 1.81  23.68 7.63
1980 590 4,290 62 1411 4.39 5.06 3,670 39 1515 255 | 2940 21,374 1.37 17.83 7.70
1981 6.49 4,700 68 1730 3.92 571 4,130 44 1831 238 | 22.16 16,030 1.03  20.17 5.10
1982 8.88 6,430 93  23.67 3.92 6.71 4,860 51 2299 223 | 3426 24,796 1.59 2845 5.60
1983 6.14 4,440 64 1461 438 6.86 4,970 52 14.82 3.53 | 60.46 43,795 2.81 19.68  14.29
1984 8.74 6,340 91 20.12 4.55 | 1240 9,010 95  20.56 462 | 5896 42,769 275 2141 12.83
1985 6.40 4,630 67 11.84 5.64 546 3,950 42 10.72 3.88 | 28.95 20,989 135  14.64 9.20
1986 8.70 6,300 91 2235 4.07 513 3,720 39 2338 1.68 | 37.42 27,080 1.74 2434 7.15
1987 8.53 6,180 .89 16.02 5.56 779 5,640 59 1583 375 | 3629 26,295 1.69 1588  10.63
1988 594 4310 .62 13.18 4.72 2.70 1,960 21 12.19 1.69 | 2552 18,535 1.19 1481 8.04
1989 599 4,340 63 1641 3.81 1.59 1,150 A2 18.87 .64 | 21.06 15,260 98  18.87 5.19
1990 594 4,300 .62 18.86 3.29 6.88 4,980 52 2278 230 | 2642 19,121 123 19.63 6.26
1991 7.01 5,070 73 20.17 3.63 | 23.00 16,630 1.75 2540 6.90 | 45.09 32,630 2.10 2332 8.98
1992 749 5,440 78 20.33 3.86 519 3,770 40 19.02 2.09 | 27.38 19,910 1.28 2041 6.26
1993 8.07 5840 .84 2553 330 | 26.10 18,900 1.99 2635 7.56 | 60.39 43,690 2.81 2627  10.68
1994 595 4310 62 1457 427 | 11.70 8,490 .89 15.61 573 | 5022 36,340 233 1855 1258
1995 12.50 9,080 1.31  31.03 422 | 52.60 38,100 401 3173 12.65 | 86.56 62,670 4.02 2826 1424
1996 9.69 7,040 1.02  22.08 4.60 | 3220 23,370 246  27.02 9.11 | 9220 66,960 430 29.64 1450
1997 10.50 7,620 .10 27.59 398 | 47.20 34,190 3.60 2848  12.65 | 133.76 96,970 6.23 3048 2043
1998 10.70 7,760 .12 2499 448 | 3420 24,770 261 2362 11.05 | 119.72 86,420 555 2926 1897
Statistical Summary (applies only to period of streamflow record)
Max 12.50 9,080 1.31  31.03 5.68 | 52.60 38,100 401 3173  12.65 | 133.76 96,970 6.23 3048 2043
75th 8.22 5948 .86 20.69 459 | 17.00 12,370 130 2299 573 | 58.19 42,120 2770 2524 1096
Median 6.91 5,000 72 1833 4.14 6.71 4,860 S 1876 2.85 | 3890 28,136 1.81 2250 8.04
25th 594 4310 62 1530 3.82 497 3,590 38 1623 2.14 | 27.38 19910 128  18.87 6.74
Min 378 2,730 .39 9.91 3.05 .99 718 .08  10.72 41| 1553 11,210 72 14.64 4.84
Mean 724 5249 76 1822 419 | 11.88 8,606 91 1953 412 | 4588 33229 213 2226 9.23
Std dev 1.73 1,255 18 4.10 62 | 11.56 8,371 .88 4.87 3.02 | 2557 18,507 1.19 4.49 3.56
Ccv - - 24 -- - - - 97 - - - - .56 - -
Lime Creek at mouth, at Rapid City Elk Creek near Rapid City Elk Creek near Elm Springs
(06413650) (06425100) (06425500)
1949 - - -- -- - - - - - - - - - 20.68 -
1950 - - -- -- - - - - - - 19.70 14,240 49 18.96 2.61
1951 - - -- -- - - - - - - 447 3,240 11 18.75 .60
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Table 24. Annual flow and precipitation data for combination basins—Continued

[Precip, precipitation; RE, runoff efficiency; Max, maximum; Min, minimum; Std dev; standard deviation; CV, coefficient of variation; ft3/s, cubic feet per
second; acre-ft, acre-feet; --, no data]

Water Flow Precip RE Flow Precip RE Flow Precip RE
vear | fi3%5s  acreft inches (inches) ((:Z?,I;-) ft¥s  acre-it inches (inches) ((:Z?,I;-) ft¥s  acre-it inches (inches) ((::,I;)
Lime Creek at mouth, at Rapid City Elk Creek near Rapid City EIlk Creek near Elm Springs
(06413650)—Continued (06425100)—Continued (06425500)—Continued

1952 - - -- -- - - - - - - 40.10 29,130 1.01  17.26 5.86
1953 - - -- -- - - - - - - 40.10 29,050 1.01  19.62 5.14
1954 - - -- -- - - - - - - 6.12 4430 A5 14.96 1.03
1955 - - -- -- - - - - - - .53 386 .01 19.86 .07
1956 - - -- -- - - - - - - .87 630 .02 1649 13
1957 - - -- -- - - - - - - 27.10 19,660 .68 23.12 2.95
1958 - - -- -- - - - - - - 3.87 2,800 .10 18.33 .53
1959 - - -- -- - - - - - - .01 7 .00 15.73 .00
1960 - - -- -- - - - - - - 246 1,790 .06 14.96 42
1961 - - -- -- - - - - - - .00 0 .00 1216 .00
1962 - - -- -- - - - - - - 56.80 41,100 1.43 3046 4.69
1963 - - -- -- - - - - - - 21.80 15,750 S5 2428 2.25
1964 - - -- -- - - - - - - 19.90 14,440 S50 2145 2.34
1965 - - -- -- - - - - - - 60.70 43910 1.52 2381 6.40
1966 - - -- -- - - - - - - 3590 25,980 90  19.28 4.68
1967 - - -- -- - - - - - - 96.40 69,800 242 24776 9.79
1968 - - -- -- - - - - - - 9.55 6,930 24 2031 1.19
1969 - - -- -- - - - - - - 12.60 9,150 32 17.02 1.87
1970 - - -- -- - - - - - - 3230 23,390 81 22.01 3.69
1971 - - -- -- - - - - - - 63.60 46,040 1.60  24.64 6.49
1972 - - -- -- - - - - - - 31.00 22,480 78 25.01 3.12
1973 - - -- -- - - - - - - 20.00 14,460 S50 19.86 2.53
1974 - - -- -- - - - - - - 4.63 3,360 A2 1551 5
1975 - - -- -- - - - - - - 18.30 13,240 46 19.29 2.38
1976 . - - - - - - - - - 1470 10,670 37 24.83 1.49
1977 - - -- -- - - - - - - 19.50 14,120 49 18.88 2.60
1978 - - -- -- - - - - - - 38.40 27,810 97 2230 4.33
1979 - - -- -- - - - - 19.70 - 290 2,100 .07 18.83 .39
1980 - - -- -- - 1.12 810 0.08  14.56 0.55 .57 417 01 1414 .10
1981 - - -- -- - .10 73 01 21.11 .03 .05 33 .00 20.28 .01
1982 - - -- -- - 849 6,150 61 2741 221 | 4630 33,490 1.16  26.73 4.35
1983 - - -- -- - 995 7210 71 19.06 373 | 29.20 21,140 73 18.23 4.03
1984 - - -- -- - 16.30 11,830 1.17  23.11 5.05 | 25.60 18,590 .65 2221 291
1985 - - -- -- - 4.67 3,380 33 13.00 2.57 491 3,550 A2 12.68 97
1986 - - -- -- - 1030 7,420 73 2644 277 | 66.40 48,040 1.67 2599 6.42
1987 - - -- 15.11 - 6.63 4,800 47 16.53 2.87 | 20.80 15,050 52 1613 3.24
1988 1.65 1,200 2.25 9.13 24.64 1.67 1,210 A2 1425 .84 2.45 1,780 .06 12.89 A48
1989 .99 719 1.35 1596 8.45 .20 144 .01 17.80 .08 17 124 .00  16.98 .03
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Table 24. Annual flow and precipitation data for combination basins—Continued

[Precip, precipitation; RE, runoff efficiency; Max, maximum; Min, minimum; Std dev; standard deviation; CV, coefficient of variation; ft3/s, cubic feet per
second; acre-ft, acre-feet; --, no data]

Water Flow Precip RE Flow Precip RE Flow Precip RE
year ft%s  acreft inches (inches) ((:Z?,I;-) f3)s  acre-ft inches (inches) ((:Z?,I;-) f3)s  acre-ft inches (inches) ((:Z?,I;)
Lime Creek at mouth, at Rapid City Elk Creek near Rapid City EIk Creek near Elm Springs
(06413650)—Continued (06425100)—Continued (06425500)—Continued
1990 1.02 735 1.38  16.68 8.26 0.01 6 0.00 1797 0.00 0.25 180 0.01 17.62 0.04
1991 1.11 801 1.50 2197 6.84 2.01 1,460 14 2429 .59 458 3,320 12 2325 .50
1992 .62 449 .84 1435 5.87 .00 0 00 17.62 .00 27 198 .01 16.75 .04
1993 1.48 1,070 201 21.23 9.45 456 3,300 33 2593 1.26 | 26.80 19,400 .67  24.65 2.73
1994 1.56 1,130 212 1044 20.30 2.75 1,990 20 1546 1.27 | 21.10 15,280 53 14.00 3.79
1995 254 1,840 345 2322 1486 | 4130 29,880 295  30.81 9.57 | 62.00 44910 1.56  28.55 5.46
1996 370 2,690 504 2055 2454 | 5490 39,830 393 2652 1482 | 94.60 68,710 239 2492 9.57
1997 4.69 3,390 636  26.87 23.66 | 77.10 55,790 551 3053  18.03 | 135.00 97,410 338 29.63 1141
1998 355 2,570 482 1899 2538 | 21.70 15,710 1.55  24.01 6.46 | 29.10 21,070 732240 3.27
Statistical Summary (applies only to period of streamflow record)
Max 469 3,390 636  26.87 2538 | 77.10 55,790 551 3081 18.03 | 135.00 97,410 338 3046 1141
75th 3.05 2205 413  21.60 2410 | 1330 9,625 95  26.19 439 | 3590 25980 90  23.81 4.33
Median 1.56 1,130 212 1899  14.86 4.67 3,380 33 2111 2.21 19.90 14,440 S50 19.62 2.53
25th 1.07 768 144  15.16 8.36 140 1,010 10 17.08 .57 3.87 2,800 10 16.98 .50
Min .62 449 .84 9.13 5.87 .00 0 .00  13.00 .00 .00 0 .00 12.16 .00
Mean 2.08 1,509 283 1813 15.66 | 13.88 10,052 99 21.39 3.83 | 26.01 18,832 .65 20.22 2.85
Std dev 1.34 972 1.82 5.43 8.12 | 21.24 15379 1.52 5.63 5.12 | 2899 20973 .73 4.51 2.75
Ccv - -- .64 -- -- - - 1.54 - - - - 1.12 - -
Spearfish Creek at Spearfish Redwater River above Belle Fourche Whitewood Creek at Deadwood
(06431500) (06433000) (06436170)

1945 - - -- -- - - - - 28.05 - - - - - -
1946 -- -- -- 3551 -- 227.00 164,600 335 3451 9.72 - - - - -
1947 56.80 41,150 459 2463 18.64 | 218.00 158,000 322 2262 1423 - - - - -
1948 50.50 36,630 409 2355 1736 | 148.00 107,200 2.18  21.99 9.94 - - - - -
1949 4730 34,270 382 2033 1881 | 132.00 95910 195 1890 1034 - - - - -
1950 4290 31,030 346 2358  14.69 | 115.00 82,950 1.69  21.96 7.70 - - - - -
1951 37.50 27,150 3.03 2147 14.12 | 100.00 72,700 148  20.20 7.33 - - - - -
1952 48.10 34,940 390 23.63 16.50 | 105.00 76,460 156 20.12 7.75 - - - - -
1953 46.20 33,430 373 2416 1544 | 117.00 84,700 1.73 2094 8.24 - - - - -
1954 39.60 28,680 320 1998  16.02 | 93.50 67,730 138 17.32 7.97 - - - - -
1955 4550 32,950 3.68 2628 1399 | 103.00 74,220 1.51 2231 6.78 - - - - -
1956 38.20 27,720 3.09 2124 1456 | 86.40 62,700 128 18.94 6.75 - - - - -
1957 40.80 29,530 330 2659 1239 | 104.00 74,950 1.53  24.01 6.36 - - - - -
1958 39.30 28,420 317 2313 13.71 | 89.90 65,100 133 2052 6.47 - - - - -
1959 34.60 25,040 279 1856  15.06 | 69.00 49,940 1.02 1546 6.58 - - - - -
1960 31.30 22,700 253 2128 1190 | 71.00 51,520 1.05 1791 5.86 - - - - -
1961 27.10 19,650 219 1592  13.77 | 57.10 41,300 .84 1452 5.80 - - - - -
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Table 24. Annual flow and precipitation data for combination basins—Continued

[Precip, precipitation; RE, runoff efficiency; Max, maximum; Min, minimum; Std dev; standard deviation; CV, coefficient of variation; ft3/s, cubic feet per
second; acre-ft, acre-feet; --, no data]

Water Flow Precip RE Flow Precip RE Flow Precip RE
year ft%s  acreft inches (inches) ((:Z?,I;-) f3)s  acre-ft inches (inches) ((:Z?,I;-) f3)s  acre-ft inches (inches) ((::,I;)
Spearfish Creek at Spearfish Redwater River above Belle Fourche Whitewood Creek at Deadwood
(06431500)—Continued (06433000)—Continued (06436170)—Continued

1962 39.20 28,390 317 33.20 9.54 | 136.00 98,380 2.01  30.65 6.54 - - - - -
1963 53.70 38,900 434 2990 1452 | 136.00 98,420 201 2713 7.39 - - - - -
1964 60.50 43,910 490 3249  15.08 | 138.00 99,840 203  27.90 7.29 - - - - -
1965 79.50 57,550 6.42 3223 1993 | 188.00 136,100 277 29.26 9.48 - - - - -
1966 5830 42,230 471 19.82 2378 | 133.00 96,250 196  19.69 9.96 - - - - -
1967 56.30 40,790 455 2661 17.11 | 138.00 99,750 2.03 2473 8.22 - - - - -
1968 50.60 36,730 410 2569 1595 | 120.00 87,390 1.78  23.29 7.65 - - - - -
1969 52.40 37,940 423  22.10 19.16 | 132.00 95,420 1.94 2025 9.60 - - - - -
1970 70.10 50,770 5.67 2886  19.63 | 176.00 127,700 2.60 2825 9.21 - - - - -
1971 63.10 45,690 510 2933 17.39 | 173.00 125,600 256 2736 9.36 - - - - -
1972 71.80 52,100 581  30.57  19.02 | 196.00 141,900 2.89  29.30 9.87 - - - - -
1973 74.60 54,010 6.03 2547  23.66 | 208.00 150,600 3.07 2454 1251 - - - - -
1974 59.20 42,860 478 21.03 2275 | 149.00 107,800 220 2028 10.84 - - - - -
1975 54.80 39,640 442 2244  19.72 | 142.00 102,900 2.10 2029 10.34 - - - - -
1976 62.20 45,170 504 2972 1696 | 188.00 136,400 278 2897 9.60 - - - - -
1977 57.30 41,450 463 2503 18.48 | 138.00 99,930 204 2312 8.81 - - - - -
1978 64.60 46,750 522 27.01 19.32 | 174.00 125,700 256 2560  10.01 - - - - -
1979 55.40 40,090 447 2261 19.79 | 130.00 94,330 192 2098 9.16 - - - - -
1980 47.80 34,700 387 1829  21.17 | 98.50 71,540 146  17.00 8.58 - - - - -
1981 41.70 30,170 337 2137 1576 | 90.90 65,800 1.34  21.08 6.36 - - - 22.21 -
1982 84.50 61,210 6.83  32.00 21.35 | 191.00 138,200 282 3193 8.82 | 40.00 28,990 1339 3390  39.50
1983 65.10 47,130 526 2312 2275 | 183.00 132,600 270 20.82 1298 | 4380 31,730 14.65 29.44  49.77
1984 67.80 49,240 550 2613 21.03 | 176.00 127,400 260 2548 10.19 | 42.00 30,480 1408 2893  48.66
1985 46.60 33,720 376 1627  23.13 | 95.80 69,390 141 1513 9.35 | 1250 9,090 420 1747  24.03
1986 48.50 35,100 392 27.63 14.18 | 122.00 88,070 1.79  27.99 6.41 | 2350 17,010 7.86  30.17  26.03
1987 39.50 28,630 320 2099 15.22 | 123.00 88,710 1.81  20.61 8.77 | 19.20 13,880 6.41 2447  26.19
1988 40.60 29,450 329 2026 1622 | 93.90 68,190 1.39  18.90 7.35 | 19.10 13,840 639 2333 2739
1989 41.60 30,140 336 2093 16.07 | 95.10 68,880 140  19.80 7.09 | 19.50 14,100 6.51 2543  25.61
1990 41.80 30,240 338 2232 1512 | 9330 67,510 1.38  20.07 6.86 | 18.00 13,020 6.01 2353 2555
1991 40.70 29,450 329 2526  13.01 | 91.80 66,450 135 2199 6.16 | 20.20 14,620 6.75 2524  26.75
1992 39.00 28,280 316 2312  13.65 | 79.10 57,440 1.17 1994 5.87 | 1330 9,690 448 2408 1858
1993 4420 31,990 357 2955 12.08 | 127.00 92,140 1.88 2791 6.73 | 28.10 20,360 9.40 3347  28.09
1994 5490 39,720 443 2363 18.76 | 124.00 89,920 1.83  19.68 9.31 | 29.20 21,150 9.77 2631  37.13
1995 82.10 59,420 6.63 3562  18.62 | 240.00 173,900 354 3398 1043 | 49.70 35950 16.60 42.84  38.76
1996 79.90 58,030 6.48 3041  21.29 | 222.00 160,900 328 2781 11.79 - - - 33.88 .00
1997 97.20 70,370 7.85  33.50  23.44 | 241.00 174,400 355 2915 1219 - - - 38.16 .00
1998 88.30 63,900 7.13 3145  22.68 | 186.00 134,400 274 27.07  10.12 - - - 34.61 .00
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Table 24. Annual flow and precipitation data for combination basins—Continued

[Precip, precipitation; RE, runoff efficiency; Max, maximum; Min, minimum; Std dev; standard deviation; CV, coefficient of variation; ft3/s, cubic feet per
second; acre-ft, acre-feet; --, no data]

Water Flow Precip RE Flow Precip RE Flow Precip RE
year ft%s  acreft inches (inches) ((:Z?,I;-) f3)s  acre-ft inches (inches) ((:Z?,:-) f3)s  acre-ft inches (inches) ((:Z?,I;)
Spearfish Creek at Spearfish Redwater River above Belle Fourche Whitewood Creek at Deadwood
(06431500)—Continued (06433000)—Continued (06436170)—Continued
Statistical Summary (applies only to period of streamflow record)
Max 97.20 70,370 7.85 3562  23.78 | 241.00 174,400 355 3451 1423 | 49.70 35950 16.60 42.84  49.77
75th 62.43 45,300 506 2898 19.73 | 176.00 127,400 2.60 27.36 9.94 | 3730 27,030 1248 2999 3835
Median | 50.55 36,680 4.09 2390 17.04 | 132.00 95,420 1.94 2199 8.77 | 21.85 15815 730 2587  27.07
25th 4140 29,988 335 2135  14.66 | 98.50 71,540 146  20.07 6.86 | 19.13 13,850 6.40 2418 2571
Min 27.10 19,650 219 1592 9.54 | 57.10 41,300 84 14.52 5.80 | 1250 9,090 420 1747 1858
Mean 53.87 39,022 436 2501 1739 | 137.82 99,816 203 2321 8.66 | 27.01 19,565 9.04 27776 31.58
Stddev | 15.69 11,367 1.27 4.69 351 | 47.09 34,105 .70 4.79 198 | 12.14 8,786 4.06 6.13 9.52
Ccv - - 29 -- - - - 34 - - - - A5 - -
Whitewood Creek above Vale (06436198)
1983 - - -- 24.89 -
1984 4530 32,890 6.05 2682 2254
1985 11.70 8,500 1.56  15.78 9.90
1986 30.40 22,010 405 2907 1392
1987 27.60 20,000 3.68 2277  16.15
1988 19.00 13,830 254 2128 1195
1989 19.30 13,970 257 2211 11.62
1990 19.50 14,110 259 2123 1222
1991 22.40 16,240 299 2340 1276
1992 12.80 9,290 1.71  21.46 7.96
1993 33.40 24,190 445 3133 1419
1994 31.20 22,580 415 2156  19.25
1995 64.10 46,420 8.53  40.03 21.32
1996 50.60 36,770 6.76  30.10 22.46
1997 60.10 43,540 8.00 3337 2398
1998 3590 25,970 477 2983  16.00
Statistical Summary (applies only to
period of streamflow record)
Max 64.10 46,420 8.53  40.03 2398
75th 40.60 29,430 541 2996  20.28
Median | 30.40 22,010 405 2340 14.19
25th 19.40 14,040 258 2151  12.08
Min 11.70 8,500 1.56  15.78 7.96
Mean 3222 23,354 429 2601 1575
Std dev 1635 11,847 2.18 6.23 5.04
Ccv - -- 51 -- -
Supplemental Information - Table 24 127



6CC V81 |SI'T 8T |6vC 0S8 |61'v 061¢|tvy'S 010C|L8 89¢ | 10T 96T |LE 8€T |LS 0S 08 9L LOT  SO'T |9¢T 8T | ¢861
oy ST 091 €v'¢ |Ovy Oy |9CT 919 [ 6L9 OLYY L9 6¥'1 |0T ¥¥1 | 117 S SN PP 8TT |CT¢  TET | 96'T S8'1 1861
g9 Sr LOE L6 SL'T 8T |€LT L8¢ |vET 61'S |LET 6L |¥8 6T¢ |08 96 ST €l 10T | YT LLT |S9 OF'1 | 086l
LT" 80°¢ |06C 09SI|¥C8 00€c |9y TLY |[TIOT 8LT |66 SOS |68 0ST |68 08 €e €S §9° TOT |69 ITT |0OF S6 6L61
99" 9% OL'T LOE |€€v SP'S |8ST OVST|I¥L 0868 |SET 0TS |9 STY |08 96 8¢ 69 9L LY'T |09 LL'T |L8 681 | 8L6I
00T O¥'1 |T9C ¥#8C |69F% €1 |10€ 19T |¥P1T 16¢ |L9T 0911 |S9T 8SE |ST €F1 |1 TL 61" ¥ST 8T €51 [¥I°  ¥#81 | LL6I
88 POl | 81T S6'L |09¢C 06¢€l|ILS 0€CTL|ELE 086y |96¢ +vTS vy LLT |SI'T S8T | 91" S€T |LL  8F1 |68 SV oy L0 9L61
00 10T ¥I'C | €C1 1TSS (99 OI'IC | I¥T 0S0I|69C 00€CI|LI'T v¥1 |0OL LY gL 00 I er 61" 9% ere g SL61T
LOT 1T Ir'T oI 6T 80l | evT VYLD [ €91 SOE |v6  19¢ [0CT 9T |81° 0TI |SS LY L9 VYOl | 167 LYCT |SS 681 | vLOI
PLT €1'C | 6€T 08% |€LE 68°C | 60T OFEl|6CT 0S¥ |6S€ 09LE|L8C €8 ¥ 0TI |01 ¥9°T1 |1y SOT |¥T 68T |68  €LT | €L6]
€6 8LE | €6C 19L |16C 08SI|L68 00661 SIT'E OFEl |¥#8T1 €6F |TL  ¥SE€ |TE 99 6 99 8¢ 89T | 00T 8I'C |0ST STT | CL6I
I18C 9¥'T | ¥¥'T #9°1 | 08T LL9 |09T 0865|899 OCTIL|9SS 088C|ILT 9¥'¢ |9L° 6I'T | IT'T €8 LS €Y 69" 0TT |9T'T 8I'C | IL6I
691 LET 10T 9€¢ |L6'T SE€€ |PPe 060v|98F 08LI|TIE 8L6 |[091T €01 |¢€ € 9 9r’ 0T €6 Yo TLT | LY 8F'1 | 0L6]
w1 9¢ 001 STY |089 061y |TCy €8L |veT 90°¢ |91 8¢y | LS SET |8I'T +L 8¢ SOT [S9  vE€1 |0 $ET | OI° OI'T | 6961
€'l 9TT |¥Te 9T¢ |SI'T ¥8S | TI'9 0S9I|[09C ¢€6C [Tl vI'e [0S OFE |vT TYC |€9 LOT |09 S8T |I¥ 0ST |S¢ TI'C | 8961
PET ¥L'T | 6ST TOY | 6ST OI'61|SSL 001€T| S8¢C LE6 |89C TCV |S9 ¥ST LV €LT | LT  O9LT |98 ¥9T |05 SST (68 ¥I'v | L96]
YCT ¥9C |LLE 06T |0TY SET |88 €61 |80 0CT9 |eLe O€I1|{99 o6¢¥v |68 OVI |TC 881 |68 ¢€I't |IT 9S¢ [LIT OLY | 9961
60T L8Y |S9T 00€T|89F 0¢cty|089 OI'T6|6L8 09L9|CLT ¥9% |SL  €I'T |0T 10T |[L8 6CT |9LT TET |¢¢ TET [€1°  STT | S961
PO'T 18T | €01 9I't | 60°C OLST|LE9 OI'6T|8Y'¢ 0STI|ICT €8S | L9 LST |[I¥  €0¢ | S€ P61 |C€ +vTCT | L0 00¢C [16° €6T | ¥961
S6C 119 |#P1 06¢C |LTE OCIT|LI9L 0SS8[90C 067CC |6ty Ove6l|eLl II'L |€€ I1I'C |€S ST | SO II'CT |1y 60¢€ |¥91 0TS | €961
YCT 6S¢ | T90 OLYI|00L 0€9¥ |L6°S 0069|6001 099¢|9+'0 LI'C | 890 9¥'0 |+¥CT <TO0 |80 000 |#I'0 €00 [IT0 900 |LOT 000 | T961
(4! -- -- - -- -- - -- - - - - -- - - -- -- - - -- - - -- - | 1961
dioaud moj4 |di1vaid mojq |[divaid mojq |didaud moj4 |di1vald mojq |dioaid mojq |didaud mojq |divald molq |divaid mojd |didald moj4 |divaid mojq |dioaud moj4 ey
Jaquiaydes 1snbny Anp aunp Aepy udy yosep Kieniqa4 Kienuep Jlaquiadag 13CWIBAON 1300100 191EM

[eyep ou ‘-- ‘uonendroald ‘droarg “seyour ur ejep uoneydoald seoefd ewroop om) 01 paLLed A[IIENIqIE puk puodds 1ad 199J o1qnd Ul BIEp MOT]]

(000+0t90) 8uoishey Jesu yea1) efreq Jo) ejep uonendiosid pue mojy Alyluo "Gz algelL

Hydrologic Conditions and Budgets for the Black Hills of South Dakota, Through Water Year 1998

128



0F'C 6TS | SSE€ 0I'61 |9T¢ 0£0C|88S OLSS|8EE 09€Cl| L6 OLVI|[89C SE€L |TTT 6% |0OL 96'€E [6C CTLE |0I° 09¢ | 10T 6S€ | 8661
65C 0TL |SI'T 0TI |98F OFSI|9¢T 0€8F| 609 00CII| SEE 0661 |CS L68 |S6° €99 [ST  OLTI|CCT 1T6 | €S OLTC|LOS 9S°L | L66T
9¢€'C 06'S | II'S €98 [8ETC 0C8 |9TC 0T6E |6V L 0L99|CST 0901 |L9T S€9 |LI" LS6 [90T 99% |61° +9¢ |0V PLY [TI'E 65V | 9661
6S'T 89°¢ | SOT 69 |€9¢ Ov'IC|OFS O00CII L86 O00°€SI|¥I'e 909 | OV OFy |06 6C¢ |0I° 90T | LS IT¢ | €5 V¥OVv | 6I'S 60L | S66I
00T LI’ we sy 8C'1T 0% 99T €S |0FC 09Tl | vl ves | €L 666 S8  ¥9°C |V  ¥vS¥ |8 69°C | LS OV |LLT 68S | v661
SI'T 9Tt | 66T OI'0T|IS€ O0€LI|9SS 0089|C79¢ 008S|¥9€ 0€TI|90T SLY |[IT'T SOT |€6° SV |¥8 99T |[19° 19T |S8 65 €601
LS 99 €61 S6'C |16'C 986 |C6E 0T9 |88C ILT |66 LEE |CTT 06F% |vE CLC |¥I° LICT |20 8L'T |8CTT L¥CT |¥TT 91T | T661
0€'T 091 |€€T To'€ |6vT 00l | €09 087¢C6 (8L 09CL|I9Y CC6 |99 69T |IL SST |vC T9 9 86 SL 89T |IL vO'1 1661
8CT S¥'T | 6TT SPS |S€S 00LI|96T 08€C|I¥9 Ovee|LI'c 9v9 |v9'1 €8¢ |08 IST | SO 69 I vI'l | SV 8T | LTT LST | 0661
er's 0c9 |ovrc 00 08T +0° we vy Y6'T  ¥9°1 | 8L'T LLT |66 S6'T [SL 00 0”00 e 00 9C’T 00 ys o 007 6861
e 00 YT €0 90C TT LS S ¥6'T SCT |8 06’1 |V LVT |LT 8T 6 CI’ Le o e SL I 1T 8861
9 00 €5C 60 65T LLT |9L° 0S8 [98+% OI'8I |60 OLTI|€OCT O08CI|I9T 16T |SO° ¥#9C |10° STV |89 ¥TS |LLT OLTI| L86I
ILS 0Ly | 26T SOT [0TT 1ISY | €SS 09%I|SOT 0991 |6€¢ 0911 |€L €0¢ |86  L9T [OI" O9¥'1T |89 €9 s’ 87 ¢ ST 9861
6v'c v0 oL 10 W'l L0 orr <o 98 YOI | L9 ILE€ |96 8L'E [€0 YO §¢  SU e 69 6y Tl |99 O9F'1 | S861
6" LY 9¢’T 89C |86'C 06CI|69C OFIS|COC OLCTC|S6TC 6I'S |eF 96’1 |¢C ¢€L'T [0I" 081 |¢s° SI'T |6I'l ¢l |SvT SL 7861
0 000 |8E€T 6¢£0 (880 8LT |06C 0C8 |€TE 0690 |vL0 LSS |81 S9C | 800 SVI |LI'O LTT |090 €81 |SE0 ¥9C [09'] S8V | €861
dioaud moj4 |d19ald moj4 |[dioaid moj4 |dioaid moj4 [dioaid moj4 |d1oald molq |[dioaud mojq |didaid mol4 |dioaid mojq (dioaid mol4 |[dioaid moj4 |dioaud moj4 1eak
Jaquiaydag 1snhbny Ainp aunp Aepy 1udy yotep Aieniqaq Aienuep Jlaquiaosag J1aquIaAON 19g0300 191BM

[eyep ou ‘- cwoneydroad ‘droarg “seyour ur ejep uoneydoad (seoeyd fewroop om) 0y parred A[IIeNIqIE pue puodas 1od 199) d1qnd Ur BlEp MOT]]

panuIUOD—(000Y0¥90) BUOISASY Jeau %9810 Sjeg Jo} elep uoljeydioaid pue moj) AlYIUON  'GZ dlqeL

129

Supplemental Information - Table 25



8CCE S0L £¢6¢ 0°09¢ 9914 1€ 0CIT 601 1'0- 91 7’6 Y9 9°¢9 O°LLS 8Ly, 1,61
6CeT Vv 6'6SC L'ee 0°0g 0¢ L0¢g SYe- 4 £ 0°6C 1'81¢ £Ce 08¢ 8L, 0L61
'8 0'6C I'ell 911 Y€ 88 001 el Se- % L e 9Tl 0'8¢¢C 81y, 6961
S0l 89¢ ¢Ivl ['6Cl €8¢y Y 614 0L Sl- 91 69 ¥'€9¢ 9'6 07Cse 81y, 8961
€6l SEY9) 8IS 8°¢6¢C 8¢9y 0l 0'8I1 L'YyC 01 14 1'9C- £Ees 7'96 0°SEL 6’1 L961
0891 I'vS 1'cee 998 Tl 123! 09 1'c 6'¢- T ot 80I1¢ 6°'S¢ 0°€LT 61 9961
VL8V 6'9¢ £Yes ¥7'891 06 81 0'1vl I'1e 81 €l 0'8¢C 9199 L09 0°66S 61 961
9081 8'C¢ V'ere L9 91y 8¢ (Y 9°0¢C- £0- 4 ¢0C- L96¢C 661 0°6LT 81y, 7961
6'S6¢C 8'¢T Le6l¢ SOI11 'Sy L'T1 L 66 9Ly 91y 06 0'¢- 9'88¢ 8'I¢C 0°99¢ 81, €961
Syle I'l8 9°66¢ 699 0TI, 6°'1C 0vey 0°Lel 08¢ 8Y 6 GGeEL 89¢ 0°LLY LTy, 2961
TLE ¥'Cl 961 i 0°0g €'l 6Cl Lyl 9°L1- 14 4 8L 0 89L LTy, 1961
0'1¢ 1433 '99 6l 0°0g 8T 91 9V £6” 9'¢ 6'81- [4Vn! ¢ 0901 L1y, 0961
e1c el Sye '8¢ 0% 6'6 £ve 0'1IL- L9 LTI 0'99- Levl 0 0Tyl L1y, 6561
9°¢ll L'LT ¢£IGl 9l Tl 123! 0201 134 98 1'c- (X% 9'1LT 6'¢ 0'99¢ L1y, 8661
6'L0C SIS ¥7'6S¢ 6'¢col 0¢gy L'YS 0601 SIL 691 0'¢ 9’16 818¥% I'LT 0'esy LTy, LS61
I'el 0'1¢ oy 1A% 8Ty 6'L Ley 1'06- 9 o1 L'68- 9v81 6 0'C8l LTy, 9661
0911 cee covl 9061 ['914 ¢o¢ (VR 24! 9C8 0 0r1- 9'¢8 C'LST ¢ 0°6S¢C LTy, Sco1
0°0¢ 1'oc oy 8°6¢ 09 el S0¢ vIl- 0 1'9- [ €16 19 el L1y, 7561
€051 LC8 0'€eT 8°CL YS9 £l 1'8S 0Ly~ 0 91 9°8Y- 8°6C¢ 10y ovie L1y, €561
0 1€l cecl (2724 9¢l 6114 £'eT 0101 SIC 0 9'l- 1°¢C 6'89¢ 10y 0°LTE 81y, s61
61701 yee €8¢l 8'Ivl ['914 ¢o¢ 'S6 6'CEl 0 7'l SIel Lyl % 0’1yl L1y, IS61
L08 6'0L 9’161 ¥'9¢ 9% 9CI¢ '8¢ 4 00 - L'e (Y4 L6l 0¥8I 81, 0so6l
g2o1e (00626€90)
gsauemn | Apms (00056€90) (00ss21790)|(005€2190)
(52800%90) Jlonlesay dwep
-qu} apisino |  sauen wng o1 (00000%90) | Juowabp3 wng 1I0NJ9S3Y |1IONI9SaY eams wng sbuudg else oen
SlllH |pojesauab| -quy IV PESLESIOH }oa1) JeH | e JaAly ejojoed |plataaq -oBuy wjg Jeau |Jeau Janly 1e yoaio | 1eok Jo1em
Noelg SMOJ} auualayy o949 Y|3 | suudhayn 1oAED
Areinquip <}
sajewlisy smoju| abe.o)s ul abueyn sSMojjIn0

[eoe]d [eWIOSp QUO 0) PaLLIEd A[LIeNIqIe pue puodds 1od 109y 21qNd UT UAALS senfeA [[V]

JaAIY auuahay) Joy 19bpng pajelog  "9g dlgel

Hydrologic Conditions and Budgets for the Black Hills of South Dakota, Through Water Year 1998

130



0°68¢ 908 9'69¢ 8'6¢l €1l £ye Y6 ¥'69 881 ¥°0- 0'1¢ 0'ovv 89¢ 0Cly (4! €661
£96 ¢l 8801 6°¢l (4 L 0¢l rog- % ¢ (Y% 8°CSI £ 0161 Sl 2661
0°69¢ (44 T'LOE '€ST £9¢ ey 081 18 LT 7'0- 'S 7'oLY 9% 0'€Ly 81y 1661
788 601 1'66 6'1¢ [0 ¢ 9'1¢ 1'0- 8°0- 0 6 I'iet ¢ 0'6cCl 81y 0661
¥'8C 86 T8¢ 8'¢T o 4 9°¢C 0'1ec- 9vI- 0 7'9- 0'¢8 (4 018 81y 6861
1I'es 811 6'v9 Lel r 9’1 0l L'LS- '81- £0- 0'6¢- £9¢l 94 0Cel 81y 8861
8681 §6S govc ¥'LO1 8¢ 8°CI 888 6'¢ce- 69- el L'ST 9'06¢ 8°0¢ 0'89¢ 81y L861
76T 101 L'€6E 7'OL1 £6C oy 0101 6'6L 191 61 6’19 (4214 '99 091y 81y 9861
0'Cs el %9 col 0 Sl L'LT £es ¥'91- 4 I'Le- L'LET 6% 0'1¢l 81y G861
LTTT ey 8°69¢C 0cel 7’9 9°TC 0°¢01 (0% €T 88 89- geoe 9°¢C 099¢ 6’1 7861
¥'vic 8¢ 6ve L'LY 9'¢y 6 67§ cel- e 6 I'S1- 1'oge 6¢ 0'66¢ 6’1 €861
0°09¢ 708 7'ove SYCl 87Tly 06T L98 LS 00T 8'LI- 1YY ¥'LOY £or 0'6S¢ 1T 861
891 70l LS 8'8¢ 009 1 '8¢ 0°LE- L 'l 9'8¢C- 0eel 0 0 1€l 07¢ 1861
9Ll 96 LT L'ES 61y 9 149% 43 601- ¢ 8- 1°9¢1 9 0eel ¢ 0861
L8C1 L0C vovl 088 009 8T S8 I'1- L0 0 0 6'8¢¢ 6C 0°¢€ec 9T 6L61
8681 0'88 8'¢€LT geee 6Ly 991 0'60¢ 6'S8 9'6 g 09L 7'1¢CS '8¢ 0'18% 0¢C 8L61
L9l I'LT 8681 8'LT 00g 9 LT 89T g6 'l [\ Yy ol 0'vCe 6 LL61
0891 811 8'6L1 9% L'lg 09 L'LE [ vy L I 0°0¢C L'yl 0'170¢ €'l 9L61
6'6C1 'ty 0°L91 £0r 009 el 0'6¢ 0L 18 0 1'1- £00¢ €81 0081 07¢ SL6T
C6ll (! g oel u% €Cg 1'Ct 0'6C (S4S 1°01- 01 ey ¥'6CC 9v 0'€CC 81y YL61
I'191 (44 €8l 0°001 99 Lel 1'08 SLI Le- (4 1T 8°69¢C 0°0¢ 0v¥e 81y €L61
9°L9C CLE 8¥0¢ L'yy ['0y (a3 Vv LY 8C 9'0- 94 8Yre 0'1¢ 0Cle 81y L6l
g2o1e (00626€90)
csauein | Apms (52800790) (00056€£90) JonI9s3Y (00552+90) |(00S5€2H90) dwes
-qu} apisino |  sauen wng o1 (00000%790) | Juowabp3z wng 1I0NA19S3Y |1IONI9SY eams wng sbundg elsep\ olEn
SIlH |poiesauab| -qu} |1V pEsyaSIOH Noai) JeH | e JaAly ejoyoed |plataaq -oBuy wig Jeau |Jeau Janly 18 yoauo | A€ok sorem
yoe|g SMOJ} auualay) o919 N|3 | sauuahay) 1oAED
Areinqui =]
sajewlysg sMmoju| abe.o}s uj abueyn SMO|JINO

[eoe[d [ewIdop 2O 0) PatLIEd A[LIENIqIE pue Puodas 1od 109) oIqNd UT USAIS sonjeA [[V]

panunuo)—iIaAlY auuakay) Joy 186png pajieleag 9z a1qel

131

Supplemental Information - Table 26



"€1 A[qE) Ut UAAIS uonenby 0000090 UOLEIS J& MO[J INIM UOISSAITAI U0 PAseq Palewnsy
"€1 A[qE) Ut UAAIS uonenby "000S6E90 UOIEIS J& MO[J NI UOISSAITAI UO PAseq PRILWIISH
"€1 9[qe) Ul UaAI3 uonenbyg 00060190 UONEIS J& MO[J [)IM UOISSAISAI U0 Paseq parewnsg,
‘BoIe ApNJs 9pISINO pajeIauasd Smo[J A1einqu - saLIeIngLy [[e se paje[noe) .
‘so[twt axenbs zz¢1 Jo eare 0y parjdde ‘(g7 91qe) 995) so5eT Mo[jueans dAlJ I0J P[AIA 9FeIoAR U0 paseq PoYRWINSH,
"SMOJUI - 93eI0IS UI 93UBYD + SMO[JINO SB pare[nore),

1'10C LSy 891¢C 8°¢01 08 91 €18 Sy ST 0 0¢ 1'8%¢ 0'9¢ £0c¢e 81 UBIN
9Ll 96 LT Lel (0 4 0l 1°06- '81- 8'LI- L'68- S8L 0 89L 6 wnwiuIA
788 L 0T I'ell € 0r 4 e L'LE L'YC [ 0'1- 0'S¢c- 9¥81 6'¢ 0081 L'l smusorxd ¢z
L9l ¥'Se ¥'ele 9'6L I's L'T1 0'¢9 1'o- 0 0 I'r- L96¢C 661 0°€LT 8’1 UBIPIN
9°L9¢C SoL Le6l¢ 9¢l 0TI 9'TC 0101 SIc 7'y 7'l 71T 0'ovv 6'S¢ 0Cly 61 smusorxd 6/
¥'€86 7681 8TLI'T| 699% 8¢9 07l ovey 6°CEl 9’1y 6 SIel €08¢°1 0°¢el 0PIl 9C WNWIXeA
9'LLY Vv 0'61S 9'6L (4 S % 6'vL Le I € (S €109 1'6C 0°0LS (4 8661
¥'€86 7681 8TLI'T| 8LET 8¢l ¢'8¢ SEYY) £0¢ 8- cl- £ee €08¢°1 0°¢el 0ErIl £ L661
L6LY 0'68 L89S 8 el I't1 8'IL (Y 'y [ 0'1- 9'LY9 916 0'1SS 0C 9661
0149 6'¢8 £0€9 6'vL 9'¢ L 6'6S €81 LS L'l 601 6989 029 0°€C9 61 S661
L 081 % 1'LTC I'cL 6'C 9 0'¢9 LSS 0'6- €0 9" 6'17S¢ 1'1e 0'cee 8’1 7661
geol® (00626€£90)
gsauemn | Apms (00056€90) (00ss21790)|(005€2190)
(52800%90) Jlonlesay dwep
-qu} apisino |  saueln wng A (00000%90) | yuowabp3 wng 110AJ9S3Y |1IOAI9SaY eans wng sbunds elsep\ ol
SIllH |pojessauab| -quy IV PESYOSIOH }oa1) JeH | e JaAly ejojoed |plataaq -oBuy wjg Jeau |Jeau Janly 1e yoouy | eok sorem
Noelg SMOJ} auualayy o949 Y|3 | suudhayn
Areinquy 1aneag
sajewlisy smoju| abeJo)s ul abueyn sSMojjin0

[ooe[d TeWTOOp QUO 0] patLIEd A[LIENIqIE puE puodas Jad 109) JIqNO UT USAIS San(eA [[V]

panunuo)—iIaAlY auuaiayd Joj 19Bpnq pajielag  "9g algeL

Hydrologic Conditions and Budgets for the Black Hills of South Dakota, Through Water Year 1998

132



9°LST 8°0L ¥'8CC | T¥ST 6'Se L'Lg 0¢ S'6p 0'8ST 6'8 9ELY €5C 0ty €1, 1L61
T'1el L'9C 8'LST | 6'SST 1€ 8L LT 8Ly $'86 (4% STIe TLI 0°T6C €1, 0L6T
9'89 7’8 0LL 8'6¢€1 T I'9 4 08¢ I'v6 €¥e- | T'Tie 6'6 0°LTT Ty 6961
Spe Sy 0°6€ G'¢8 ¢ ¢ ¢ 0¥ 08 I'TI- | 9°GET vy 0°LTT Ty 8961
€Yl 1'89 ¥'T61 | TT61 I'S 9'9% Tl €'6e 0°€01 €'Te €'15¢ 0°€C 0vTe €Y, L961
Y 6'LI vee S'16 ¢ €¢ 9 gee 9'¢€sS 1'201- | 0°LTT L8 0vIT €Y, 9961
€96 9Tk 6867 | TSLI vEl €91 91 6'ch 0001 19 0°8¢¥ 9T 0°66€ s S961
€Ly 8°0S 1'86 6'GET €¢ el 9T TLE 918 961- | 9°€ST 1aq! 0°S€T Ty 7961
At 0L 7'8ST | 6'GST 01 8'81 9 €'LE 786 0€l- | €Lee 161 0v0€ Ty €961
1°00T 70T S0EE | THST €6 6'0€ I'e 6v€ 0081 G'9ST | T'8TH 1'0€ 0v6€ 'ty 7961
8'8- v '8 69¢ €06 0'Lg 0 6'1C L'L 6'C 1t 0 v'LT 0ty 1961
8¢ 6V I'7T 06L 904 I'8g 4 96T Sy 6'1 T8L I'T 0€L 'ty 0961
8°01- o 801~ | O'LL €0q 0'Lg I 1'9¢ Sey L6 6'SL 9 TIL Ity 6561
T8 991 8T 108 L'0g 8'8g 9 8'6C oy 0cE- | 6'9¢1 g 0cel 'ty 8561
Tee €€l S €'86 LT 96l 01 9:0¢ vy 6'6€ 6701 IS L'S6 'ty LS61
€9¢- 611 vyI- | €98 70 vig 4 10¢ T8y 6vh- | 8911 L 0CIT 'ty 9661
STl- vy 18- I'T¥1 70 Tlg v 8¢ €66 9 8'9C1 L't 00TT 'ty Ss61
LSt 0t 6'G¢ S'6S 604 8'6g ¢ 967, L'81 €¥9- | L'6SI 9¢ 0sT 'ty ¥S61
€9zl T6E S'S91 | LSyl 8'€6 9'GCq €1 €'€g, L8 v'6L 8YET L0T 002 'ty €561
8¢l L'9S S0L 9'1CT 8¢ 9'GCq Tl v1g, 965 Lye- | 89CC 901 0CIT Ty zs61
0€e I'L 10y 8'L9 L'0g 1"6g 00y 9°0¢, v'LT 8- LTI 9¢ 0501 Ity 1561
€L6 8'8¥ I'9PT | 87TST 1'Cq 1914 81y 0°€E, 866 00T 6'8LT L8 0992 Ty 0561
Zease (£6662190)
o wwﬂwo - (0059£v90) | (0029190 | 00SEEY90) | (o1t tl Awm._m_mw_wwwe a1onsesoY am_m%wme am_ﬁw”me sﬁw_m%wmwwe
siiH  |potessusb| -quipy | S uwﬂw_ uw_ﬂw_ xwwn_o (00s0€190) Mﬂﬂ,ﬂ_m__ m%_hm:mn_v"_ WNS | esu yeain hwﬂﬁwh_m sbunds
yoelg SMO|} M EET) ajng Jeag plo) 1eak Jarem
Areinquyp 1e1empay alleg alleg
sajewnys3y smoju| abeiols SMO|iNQ0
ul abueyn

[eoe[d [EWIOAp QUO 0) PaLLIED A[LIBNIQIE pue puodas Jod Joay o1qnd Ul UAALS senyea [[V]

JeAIY 8yaIno ejjeg Jo} 19bpnq pejieleq /g algeL

133

Supplemental Information - Table 27



6'1CE €8S TE8E | vvEl LT v6lg €T 9T 7’8 Sevl | T'hLE T8I 0°€se 6'C €661
€9 0 €9 S¥S '0g T'Lg I v'eT S'€C 6%1- | L'SL 6'0¢ SIL €¢ 661
L'T- (44! ¥4 S8 L'0g 1'6g 4 9'LT L9v 6'C 666 €T 7'€6 (A 1661
8'9C 0 89T 798 706 I'Lg 9 1'9C 0°cs LTT €101 v'Ce L'¥6 Ay 0661
€y 0 €y L'L8 706 I'Lg 9 ¥'8C IS €TC- | €Y1 '€ 0°L0T Ay 6861
TLS- 6V €TS- | 0'¢6 906 I'8g € €1e LTS TI0T- | 6°T¥1 L'b¢ 0°€El Ay 8861
I'1€T 8T €'6ST | T'6€T 14 9914 ST S'o¢ '8 8'€C 9VLT VTl 085C (4% L861
Ts0T 0°SL T08T | 0TSI 194 8'LEg 'l 01€ 09L 096 T9ge 6'ST¢ 091¢ €y 9861
I’ 0 T 988 806 €'6g € 96T 9'8% L'8L- | ¥'L91 T9¢ 0°LST (4% G861
6'LLI 6'8¢ 891C | SH0T 9T 6'8Tg LT €'0r 00rT 96 LTy €0¢¢ 0'L8E vy 7861
9'LLI 4y 0°€6T | 8TST 6'Cs $'0Tg €T €0or 8'G8 687~ | L'€6E €61 00LE vy €861
0LEY e TI9% | 0TST a7 $'8Tg 6% L'LE S9L 0°€6 0TS 9°9C 068¥ 9Y 7861
S'I1 S0l 0T 61Tl €06 0¢S L 74 v'c6 €91 9°0€1 0't¢ ocel 9v 1861
T6l- 6'¢ €GI- | 0'L8 706 v € €'TE 9°€S 8ve- | S901 9T 66 Ly 0861
1S €8 709 6111 90 €11 01 8¢ 809 €T | 9PIC 6'S¢ 0102 LY 6L61
0'¥9¢ 0P 0'60€ | 099¢ L'€6 008 Sy 8'8¥ 062C 8TL 7209 €1¢g¢ 0'99¢ 6y 8L61
1'89 €Tl v6L 8€el 0 8’8 € T S08 8¢ 7881 vig 09L1 0¢S LL6T
6161 891 LTIT | OFLI 9T 06T ge 8'8¥ I'16 G'es- | ToL 8'1¢¢ 0TIy v's 9L61
$'901 8°0S €'LST | L'8LI 6'T¢ §'sT €l 0y 0°L0T 6'cl r'cee ISl 0°€0€ 0 SL6T
0°LE A% vy €'9¢l L'0g 0¢C 6T 0Ly L8 €75 | 00€C 86, 091¢ Ty vL6T
6691 6°Cl 8¢8I | 1°08I 1'Cq ST v'e 1'6S 0°€lT 1'9¢- | 0°Cov 8'61¢ 08LE Ty €L61
v'LTE 9 9'€SE | 6'80€ 0°€g TSs Y TS 061 €'€9 7665 667 0°59¢ €P, TL61
Zeole (26662%90)
S ww_wﬁ_.wo - (0059€v90) | (0029€90) | (005€€¥90) | (1Ml Amm_m_wwm%mv sonsesey am_m%wwme sm_ommmov Aoov_m%mmwoe
siiH  |potessusb| -quipy | " uwﬂm ”__w_ﬂm_ xwwn_o (00s0£t90) HH_“,H__ w%_HM"_ e Lwﬂhwh_m sbundsg
yoe|g SMmoy} PELT ) elieg ajung Jeag oleg ploo Jeak Jarem
Areinquip Jajempay
soajewllls3 SMO|ju| mmm._Oum SMO|JINQ
uiabueyp

[eoe]d [eWIOSp QUO 0) PaLLIEd A[LIeNIqIe pue puodds J1od 109y 91qNd UT UAALS senfeA [[V]

penuNUOD—IaAY 8UIN04 ojjog 40} 186pNg pajleleq "Lz dlgel

Hydrologic Conditions and Budgets for the Black Hills of South Dakota, Through Water Year 1998

134



‘€1 9[qes ur uaAIs uonenbyg
‘€1 9[qes ur uaAIs uonenbyg
‘€1 91qes ur uaAIS uonenbg
‘€1 9[qes ur uaAIS uonenbg
‘€1 9[qes ur uaAIs uonenbyg
‘€1 91qes ur uaAIS uonenbg

'00€ST90 uoneis je MO[J yum GOMmmOHwPﬂ uo paseq —uouwaﬁmmo
‘00€ST90 uoneis je MO[J yum GOMmmOHwPﬂ uo paseq —uouwaﬁmm—w
‘000€£190 uoness je MO[J Yyim :O_mmOHMOH uo paseq UDHNE_uwm—h
‘000L€190 uonels je MoO[J yum GOMmmOHwPﬂ uo paseq —uouwaﬁmm—c
‘000LE190 uonels je MO[J yum GOMmmOHwPﬂ uo paseq —uouwaﬁmm—m
‘00060190 uonels je MO[J YyiIm :O_mmOHMOH uo paseq UDHNE_uwm—w

“BOIE KPS OPISINO PAILIOUST SMO[] ATEINGLY - SOLILINGL) [[B SB POIBNOTED),
‘so[iur arenbs (¢ 6 Jo vare 03 pardde ‘000890 PUB 000LEF90 Suone)s SuISes uoamiaq eare JUIUIAIAIUL 10J P[AIA IFLIJAL UO paseq PAIBWINSH,

*'SMOTJUT - 95e10)s UT 9FUBYD + SMO[JINO SE paredE),

T'LOT e ¥'8El | YoVl 9C 1'61 81 0'9¢ 6'98 LT 1'28¢ el L'¥9T (A% BN
TLS- 1) €7S- | 69¢ ¢ ¢ 0 6'1¢ L'L 1'201- | ¥'1€ 0 ¥'LT 6'C WNWITUTA
STI1 I'L 8'%¢C L'L8 9 TL ¥ 8°6¢ IS L¥E- | 9°0¢1 9¢ 0'Cel 'y omusdrxd ¢z
1'89 6'L1 108 1'6¢€1 0¢ Tl 4! 0¥¢ ¥'78 6'C I'1¥¢ 901 0'LTT (A% UBIPIA
6'LLT oSy 891C | O¥LI €€ 9'6C €T T 866 8€C L'€6€ 861 0°0LE €y smuadzed ¢/
0'LEY ¥0€1 ¥'60S | 099¢ vel 008 38 1'6S 0'62C S9ST | L0T8 (V847 0'€LL 9 wnuwrxejy
691C 6'9¢ 8eve | vovl 6T $'0cg LT oy 008 8¢l ¥'oLE T8l 0'Cse 79 8661
SYeET INZ4! T76SE | S9I¢ 1'Clg 969 LS I'Ly 0¢8I 0¥l L'199 L¥E 0229 0 L661
€S0y I'¥01 ¥'60S | 9'90¢ 98, 6'0Sg 8'8 N7 0'¢61 L'y- L0T8 0'vbe 0€LL Le 9661
8'68¢ €801 I'¥6€ | T6¢ET L'Se 8'SEq I's 9Ty 0Lyl 881 SH8¢ 7'0€¢ 0'1SS I'e S661
€LE 8Th 108 vl T 891g 91 8'8C 6'€6 €€ | L9LT 9Tl 0'19¢ I'e 7661
z2o1® (z6662v90) (00582190) (000£190)
csauemn | Apms youa (0052€%90) (00s62t790)
i episino | ,seuen (0059¢€190) | (0029€90) | (00S£€190) Keunpy + | 2Nl 918IS | Jloniasay sibims sibans %0049
wns Noau) o941 Noau) 1B JaAlY | ayoino4 wns Jeau JaAly
SllH  |pelesauab| -quy v 5510 I (00so€t90) Jeau }a91) sbuuds
H uelpuj eH ayaino4 alleg ayaino4 A 1018
yoe|g smoyy EET) ajung Jeag plo) JedAi Jaje\
Keinqu Jajempay aneg oled
sajewlsy sMmojju| abeios SMO|JINO
: ulabueyp

[eoe[d [EWIOAp QUO 0) PaLLIED A[LIBNIQIE puE puodas Jod Joay o1qnd Ul UAALS sonyea [[V]

panuluoQ—iIaAlY 84dIno ajjeg 1o} 196pnq pajieleq  “Lg alqel

135

Supplemental Information - Table 27



6T 8¢ I og €8’ 9¢ 90 10’ SO LL6T
34 98 96’ er o’ 90 SO 80° LO 9L61
0¢’l I8 oL ot 19° LY AN} 4 LO SL61
I & 0s’ er ce LO 00’ or 90 YL61T
84 6L 88’ T 09 8T €T 8T’ ST €L61
LY 611 €1 o 8¢ 95 99’ 10 80" L6l
181 LT'T €01 8L 68° So'1 8T'1 v ot 1L6T
89 89 LY LT 8¢ e Ya ¥0’ 90’ 0L61
1T Ly s 4% (S LE 124 I (V4 6961
48 9T 0¢ It 6L ot €0 LY 60’ 8961
LT €6’ SL 901 el 4! 96’ 91 (44 L961
ot 4 0 09 LS 611 <A (V4 4 9961
601 S6° 6 It 06’ Ie 129 T LT S961
I¢'1 69’ 9 LE L ey 4 80 I 7961
69 oL oL 9T 65 1T 61" ST 61 €961
yee 9¢'1 16 06’ (45! 98’ 171 8T €8 2961
10 S0 90 148 ¥T 17 00 0 0 1961
€T or LT o’ 43 YTl Sr ¥0’ €0 0961
00 er 91’ S LY LO 0 er SO 6S61
44 e (% Ie 89 8T 8T (V4 61 8561
149 T (44 LS 611 89 80" IL 1T LS61
0g’ LT 9T €T ot e 61 or 80 9661
I ST 8T LE 8L 9¢ 10 o LT Ss61
49 8¢ se T o’ 61 4% LT 110 ¥S61
00°1 09 I 6’ 0’1 681 o'l or I €561
'l Ly 4 LET LY og'e 0C'C 0g’ 61 cs61
81" €T 19 LE L 4 S0 o 81 1661
STl €L’0 90 6L°0 650 68T (44! 910 LOO 0s61
Aomo% M _m._Mowov Aomwmh._wwme (000.tt90) (00S1L¥190) (0006£¥90) (00000t90) (00056£90)
| dauasaIa ; ; abesany eyope)] Jeau aliald 1404 MalAUle|d JBdU juowabp3z juowabp3 je
w3 Jeau JaAlY Jeau Janly 1eak Jo1em
JOAIH SNUM  Jedu JaAIY peg  Moau) Asy)  Jeau yaau) jeH JaAlY auualkay)n

ayainod4 sjjeg  8yaunod ajjeg

abeulelp 191y ayaino4 ajjeg

sabeulelp )aa1) Y| pue JaAlY auudalay)

Arepunoq eale

Apnis ayy Jo apisino Buiaq se pajeal) seale 1o} smojy Areinquy Buirewss ul pasn sabeb 1oy ‘sayoul ul ‘pjalA jenuuy  "8g ajqel

Hydrologic Conditions and Budgets for the Black Hills of South Dakota, Through Water Year 1998

136



"SAUDUI 0} PALIAAUOD ‘000LEYI0 PUE 000SEFI0 SUOLEIS UIMIAQ “PU0IDS 1ad J20J DIQND UL “MO[J UT SIUIICT,

8 LY 79’ 119 oL 8 9 (44 Sr UBoN
00 SO 90" 1 144 €0’ 00° 00 0 Wwnwiutn
ST’ LT 8T € LY 6l 60’ 0’ LO S[nuadxad g
34 LY LS or’ oL 34 ST ST cr UBIpa]N
SI'1 6’ 98" 8L LY or't 901 6C 6l Snudoxad yig/
ve'e 96’1 6L'1 I1°C 991 9C'S LO'E Al €8’ wnwiIxem
69’ 6L I8 o 78 6’ 149 90 148 8661
6l'¢ L1 2! I1'C 99°'1 9C'S LO'E LE 8T’ L661
L9°C 96’1 6Ll 66 oL LT 0C'C Sr 148 9661
LL'T SN LT'1 €6 €8’ ST 901 Sr’ I o661
or't 69’ 09 s €L 88’ LL 80’ cr 661
67’1 6’ (43 06 90T oL 0r1'e S4 81’ €661
00° 48 L1 148 (44 6l 90 10° 0 661
9¢” v (44 LY 9L 19° LO 9¢" S 1661
00 LT (44 cr $3 or or 00 90" 0661
00 6l Y4 I LT 60 148 00 70 6861
el LT e el IS4 0’ el 0 0 8861
oL ) 09’ 99° 9L 0¢'l 6 LT LT L861
6’1 6 eL er'l 4! LY'C S 49 ol 9861
00’ 6C 9¢” eIl 9T ST v 0 €0’ G861
00°1 6’ 06 8t 6S L9 o’ 6C ({4 861
6¢ LL 98’ 6t 76’ 9 ST’ cr or €861
9 0'1 €'l 68’ 4! or't 9¢'1T 4% oI 7861
LT 8T 8¢ cr LE 0’ 60 00 LO 1861
or 1T € I €e €0’ 10° 80" 60 0861
1T (44 i € 09 or 0c 0’ oI 6L61
CI'1 8C'1 1€1 860 060 SL'1 'l 0 6S°0 SL61
Acwo%_.m_w meov Aomwmh._wwwov (0002t%90) (00S L¥90) (0006£¥90) (0000090) (00056£90)

ayoino4 sjjeg  9yaino4 a|leg

abeulelp 1aA1Y 8Yyoinod ajj9g

sabeulelp 8319 )| pue JaAlY auuakay)

panuiuoy—Asepunoq eale
Apnis ay1 Jo episino Buleq se pejeal) sease 1o} smoj) Areinguy Bunewnse ul pesn sebeb 1oy ‘seyoul ul ‘piaiA |enuuy  gZ alqel

137

Supplemental Information - Table 28



‘parewnsy ..
*€1 91qe) ur uaAIs uonenbyg “(00060%90) LD [[TH TedU ‘P[OIHIA(] 2A0QE YOI 9[ISe)) & MO[JUIEdNS )M UOISSIISOI Jeau]| WOy waE:mmW
«'SOLIEINGLI) PAINSEAW JO WS, PUE  SILIINGLI) [[V,, U9MIIG UK,
"SON[EA POPUNOIUN JO IS WIOIJ J[NSII SIIUIIJJIP JOUTL 197 J[]E) WOIJ UINE) SAN[EA .
*95e3 WOIJ WrAISuUMOP INdJ0 JBY) SISSO[ MO[JWBAINS 10J JUNOJJE 0} puodas 1ad J99) 21qnd ¢ Sunoenqns Aq pajsnlpe usaq sey MO[jWLANS,

99'8LT | LEVS 99'LET | €0°€EE LES6T 88'CT veL 6678 6T 11 9G'LT 059 208 87T 6761 (40 uBIN
9€'8T 9L'6 98'9%- | TI'SE S8v8 00’ 00’ 0S°s¢ 00’ 651 00’ ¥6'S 00'1¢C 0€'91 ST'T WA
96’817 | ¥9Tr 18701 | T9'LST LOSPT S9°¢ S8l $8'89 61°C SL6 1€°C 8L'L 08'1¢ 0861 181 UBIPI]N
LE'ES6 | 8E68T SSTHY | SLTLT'T | 0T0ES OT'LL 0€'TH 00'6€C 09'9% 09°CS 0L'6C 0s°CI 0T'9¢ or'1e 0€C WnuIxep
€9°LLY | 8€TY 9L¥6T | T0'61S STyee 0L'1C 0101 00'¥91 0L°0T 0T¥€ 0S¥T 0L0T 0T'9C 00'0T¢ S1'C 8661
LE'E86 | 8E681 SSTY9 | SLTLI'T | 0T0€ES 0T'LL 0€'TYy 00'6€C 09'9% 0T'LYy 0L'61 0S°01 05'ST 00°0T¢ 0€C L661
I8'6LY | S6'88 1781 | 9L'89S S50s¢€ 06'%S 0T'1T 00°9¥1 0S'LT 0T'TE 09Tl 69'6 0S¥ 00°0T¢ 96'1 9661
679%S | ¥6°€8 18'%SC | €2°0€9 TSLE 0€'T¥ 06'8T 00°LTT 08'8¢€ 09°'CS 0L'6T 0s°CI 0L'€T 0061 061 S661
08'081 | S€9p 708 SrLee €L9VI SLT ov'1 0S'SL we 0L'TT 90T S6'S 08'1C ov'81 SL1 ¥661
L8'88T | €908 TEELT | 0S'69¢€ 85°G61 9S'¥ 0S'€ 0L'68 0691 01'9C 00'L LO'8 0€'CT 0€9T ST'T €661
€296 8¥Cl LLTT 1L°801 76'96 00’ 00’ 0T'Ty 601 61'S 00’ 6L 0L'1e 08'LT L¥'1 661
L6'V9T | €TT 6L°€91 | 0T'LOE I7epl 10T 6TC oL'ey 0€°ST 00'€C oL's 10°L 0T'1C ov'81 08'T, 1661
€1°88 2601 9G¥y 5066 6776 10° 00’ 0T'6€ 00’ 889 00’ ¥6'S 06'1C 08'8T 9L'T, 0661
9€'8T 9L'6 €L9Y- | TI'8E S8v8 0T 00’ 0S°'S€¢ 10 651 00’ 66'S 0S'1¢C 0€'8T 9L'T, 6861
S6'CS S8'11 LO9T- | 08'Y9 L8°06 L9'1 00’ 0S'LE 9¢’ 0L'C 00’ ¥6'S 0€'1C 09°61 08'T, 8861
€6'681 | 1S°6S YULIT | ¥767C 0€CET €99 00’ 06’19 119 6L'L €0'C €58 08'1¢C 0€'1C 181, L861
STT6T | 6101 LY'SLT | ¥L€6€ LTSIT 0€0T 00’ 0S'8¥ 69° €r's 00’ oL'8 0T'CT 06'0C 81, 9861
€616 el 989y~ | SI'S9 10°C11 L9V 00’ 08'6% 89'1 91'S 00’ 0r'9 09'1¢ 09°0C 08'T, 861
SL'TTT | SO'EY 8%°C6 08'9¢ TeELT 0€9T 90'¥ 08°'SL 809 | or's vL'8 0S'1C 0r'1¢C Y61, 7861
9EVIT | LLVE 126 €1°6¥C TL'9ST $6'6 9L'¢ 0S'18 961 989 SS'T ¥1°9 00'1¢C 01'1C 06T, €861
zeee Zeese (00Ls2¥90) | (010€2+90) (00681+90) (00580190) 1(00e€0t90) | (00520190) (00626€90)
Apms Apmis soLe) salde} Ao Auo pidey ow“ﬂw_ esoulsy %wwwogow uinquieq | deo ojeyng| (00020t90) rmmmmnuwe dwe) ojley
apisul apisino sousIoma N. nquL -nquy pidey Jeau | Jeau }aaid Bo_mo_w leau }aa1) N0019 m_”_am«m_ anoqe Jeau )aal) | J9AlY |led mummmmw JBTEET ) Jeak
Mw.__.__w“ wwhw“ € I vwm:ﬂmom& ¥oai1n |3 | Japjaxog »oa15 pidey Buuds ¥9algyouai4| Janeag Janeag 1918\
pajewns3 | pajewns3 Mmopwesng

JeAly suuafsy) 8y 0] SeleINgU] PainseswW 10} §6-£86 | SIeek Je1em Jo) SMOJ) [enuuy 62 alqel

[sooerd rewroop om) 01 parires A[Ireniqre pue puodds 1ad Jo9F 01qnd Ul sanfeA [[V]

Hydrologic Conditions and Budgets for the Black Hills of South Dakota, Through Water Year 1998

138



Table 30. Calculated consumptive irrigation withdrawals for Rapid Creek, using various estimates of
tributary inflow

[All values in cubic feet per second and arbitrarily carried to one decimal place]

Measured flows of Rapid Creek Consumptive irrigation withdrawals, using

Discharge of Flow of various estimates of tributary inflow'
Water year . near trsezv:;geit E:E':n?geﬁ nae 0.3 times 0.4 times 0.5 times
at Rapid City ) prings
(06414000) Farmingdale plant (06425500) Elk Creek Elk Creek Elk Creek

(06421500) flow flow flow

1950 60.4 53.1 2555 19.7 18.7 20.7 22.7
1951 45.5 383 5.9 4.5 14.5 14.9 15.4
1952 75.6 64.1 26.2 40.1 29.7 33.7 37.8
1953 52.4 494 26.6 40.1 21.6 25.6 29.7
1954 394 259 26.9 6.1 22.2 22.8 23.5
1955 41.8 24.5 272 5 24.7 24.7 24.8
1956 36.1 28.7 7.6 9 15.3 15.4 15.5
1957 32.8 47.6 279 27.1 1.2 3.9 6.7
1958 30.2 30.4 283 39 9.3 9.7 10.1
1959 33.1 233 8.6 0 18.4 18.4 18.4
1960 29.3 17.8 29.0 2.5 213 21.5 21.8
1961 30.7 12.5 293 .0 27.5 27.5 27.5
1962 35.1 51.7 297 56.8 10.1 15.8 21.5
1963 43.9 473 210.0 21.8 13.1 15.3 17.5
1964 65.5 54.8 210.4 199 27.1 29.1 31.1
1965 124.0 127.0 210.7 60.7 259 32.0 38.1
1966 61.4 61.1 ’11.0 35.9 22.1 25.7 29.3
1967 82.5 115.0 ’11.4 96.4 7.8 17.5 27.1
1968 45.5 54.4 211.7 9.6 5.7 6.6 7.6
1969 43.5 39.1 212.1 12.6 20.3 21.5 22.8
1970 60.7 67.8 2124 323 15.0 18.2 21.5
1971 81.6 93.2 2124 63.6 19.9 26.2 32.6
1972 95.5 97.4 2124 31.0 19.8 22.9 26.0
1973 66.6 65.5 2124 20.0 19.5 21.5 23.5
1974 433 34.6 2124 4.6 22.5 22.9 23.4
1975 40.7 42.8 2124 18.3 15.8 17.6 19.5
1976 54.6 56.0 313.6 14.7 16.6 18.1 19.6
1977 56.4 58.7 3114 19.5 15.0 16.9 18.9
1978 68.4 77.8 310.8 38.4 12.9 16.8 20.6
1979 52.6 46.1 3112 2.9 18.6 18.9 19.2
1980 46.7 39.2 3124 .6 20.1 20.1 20.2
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Table 30. Calculated consumptive irrigation withdrawals for Rapid Creek, using various estimates of
tributary inflow—Continued

[All values in cubic feet per second and arbitrarily carried to one decimal place]

Measured flows of Rapid Creek Consumptive irrigation withdrawals, using

Discharge of Flow of various estimates of tributary inflow!
Water year . near trsezvtv;geit E:E':n?gek' o 0.3 times 0.4 times 0.5 times
at Rapid City . prings
(06414000) Farmingdale plant (06425500) Elk Creek Elk Creek Elk Creek
(06421500) flow flow flow
1981 394 31.2 3117 0.0 19.9 199 199
1982 53.7 69.3 312.1 46.3 10.4 15.0 19.7
1983 70.5 86.4 3145 29.2 7.4 10.3 13.2
1984 70.4 79.8 313.9 25.6 12.2 14.7 17.3
1985 55.0 50.0 314.4 4.9 20.9 214 21.9
1986 37.5 68.4 3153 66.4 43 11.0 17.6
1987 56.0 68.6 315.8 20.8 9.4 115 13.6
1988 423 32.1 3126 2.5 23.6 23.8 24.1
1989 36.9 24.8 311.8 2 24.0 24.0 24.0
1990 31.5 31.1 311.8 3 12.3 12.3 12.4
1991 36.2 41.2 314.4 4.6 10.8 11.2 11.7
1992 38.5 38.0 312.8 3 13.4 134 13.5
1993 69.8 82.2 31355 26.8 9.1 11.8 14.5
1994 73.4 72.2 314.4 21.1 21.9 24.0 26.2
1995 115.0 134.0 31555 62.0 15.1 213 27.5
1996 127.0 160.0 316.6 94.6 12.0 21.4 30.9
1997 200.0 269.0 319.0 135.0 -9.5 4.0 17.5
1998 149.0 161.0 3157 29.1 12.4 15.3 18.3
Maximum 200.0 269.0 19.0 135.0 29.7 33.7 38.1
75th percentile 69.8 72.2 13.5 35.9 213 22.9 24.8
Median 52.6 53.1 11.8 199 15.8 18.4 20.6
25th percentile 394 38.0 9.7 3.9 12.0 14.9 17.5
Minimum 29.3 12.5 5.5 .0 -9.5 39 6.7
Mean 60.8 64.2 11.5 26.0 15.9 18.6 21.2

lConsumptive withdrawals calculated as upstream flow (06414000) plus treatment plant plus estimated tributary inflow minus downstream flow
(06421500). Calculations performed using three different estimates of tributary inflow, based on stated coefficient times flow of Elk Creek near Elm
Springs (06425500). Coefficient of 0.4 selected as best estimate.

2Estimates based on linear interpolation between estimated annual volumes of 4,000 acre-feet for 1950; 9,000 acre-feet for 1970 through 1975.

3Measured values from treatment plant records (Robert C. Druckrey, City of Rapid City, written commun., 2001).

140 Hydrologic Conditions and Budgets for the Black Hills of South Dakota, Through Water Year 1998



L'LOT 0'virv 6'8 9°09¢ v'Sy VLS L'LE 6'Sy LTOE e 0°s6l 0°LLT IL61

€601 0'16¢C (44 S 00v I'LT 9'1¢C 8L ey $8'8¢C 6'8¢¢ 0811 o6l 0Lel
7'09 0°LTC €Y 1'€9¢ 'S 89 ['9 (4! €L61 SLl¢ 'Ly 0'6LI 6961
I'101 0°LTI I'1I- 0°LIC 6'C Le ¢ ¢ €8'%C §'6C¢ LTS 0'SLT 8961
"6 (V4% (43 L'8¥Y L'ey 49 9°9% I's L6°ST |4 0°¢9 0°€0C L961
veet 0OvIC 1201~ e£sve SIr Syl €e 9 S°0C 6l €18 0°SIT 9961
T'TI 0°'66¢ 1'9% 41574 LT 9v¢e €91 yel SIce 99, 0691 o'6vl S961
L'€91 0°6€C 9'61- I'6LE 9'Ce (A8 4 4! 0g'e 6S°1¢ €S, %Y 0’161 7961
£99 0'v0¢ 0¢l- €LSE €Ll 6'1¢C 881 66 £€0'6C £6¢¢ 0°S01 0vSI €961
a4 0'v6¢ Y L'T99 L'€8 8°C01 6'0¢ €Cy S4%9 07CS¢ (XS 4! 0°0¥¢C 2961
819 ¥'LT 6'C £68 ¢ ¢ 0L, €9 ¢6°S1 L'8¢ 0¢ L'69 1961
4% 0¢L 61 1091 I'e (0h74 '8, 9 7061 6Cl¢ 7’9 0cel 0961
€8 CIL L6 eVl ) (0} 0L, €9 €CLI LTl 8V 0°0CI 6561
SOrI 0cel 0'ce- S0I¢C 901 7el 88, L'y €9°¢T L'9C¢ €9 (IR 724! 8661
6011 L'S6 0'0r 9'91C '8 801 961, LTy 01'9¢ v'Ce 99 0991 LS61
LeCl 0CII 61" 8°061 9L 9'6 V'L 1) 19°0¢ 96l L 0'6¢l 9661
v Iel 0°0CI 79 9°LST 8C 9'¢ L L) €1°6¢ C0g 76 00T Scol
'S6 0¢CSl £99- 1°¢€81 0¢l 791 86, 6 60°0C v8l¢ 99 0'8TT S61
1'8% 0°0C¢C 6L SLYE 1°6¢ 8'1¢ 9°¢C, 8'¢gy LTET 8'CC¢ ¥'LT 0'80¢C £So1
£esl 0CItT Lve- 9'0¢¢ £9¢ 097 9°¢¢, 8¢y 01'ce ['€C¢ 8CIl 0¢8I csol
SLL 0°S01 8- L'LLT 9y 8¢ 1'6, Ly L6°0C §'0C¢ 0’8 0'6¢Cl 1s61
s9 099¢ 00T IS¢ gle 9'6¢ 191, 1y ¢6'CC 05 I'vS 0¢8Il 0sol

) oW (s/eh) (s/gW)  (ssuou)  (s/h) (s/ew) (s/eh)

MoIno 6 (s/gW) (/1) mol4 moj4 dioaid mojd mojd mol4
ui sbueyp ease Apnis €
(s/cW) (s1gw) B Leu gt Apms ook
»OSN (0002£+90) smojul pisul g °oPIsino (0009€+90)
aapdwnsuoy  SIBIMS  uonesed  jowng  PIEPYOR o einquy  (0029€¥90)  (00S9€v90) (8619€¥90) SlRPUMId o) 191EM
1oAY ayoino4 smoy %9019 ¥9019 ajep anoqe Jeau Janly
pabebun Jeued 19)u]
ayaino4 olleg Areinquy uelpu| 9sI0H 39949 POOMaNYM ayoino4 1
a|leg 9|1°g

[uonendroaid ‘dioaig ¢puooes 1ad 3095 01qNd s/

108l0.1d 8Y2oino4 8|jag 1o} 186pNQ Ja1em WoJ) PaALIBp S|eMeIpYlIM uoiebiul eAndwnsuod pajewnsy  *LE ajgel

141

Supplemental Information - Table 31



I'L6- 0°€se Sevl 7'66¢ VLE 'Ly vel, LTy eele vee (4% OvLI €661

L9 SIL 6vI- €1l 0 0 'L, L) 1T 8CI 08 0°¢6 2661
01 '€6 6C 6°C61 1’6 911 I'6, L'g ov'eC e 001 00¢l 1661
9'CL L6 LTI 0'6LI 0 0) 'L, 1) €C1e S6l 0L 0'svl 0661
1'96 0°L0T Ve L08I 0 0) 'L, 1) 11°¢e €6l 6% (IX341 6861
L1 o'eel ¢'101- C'8LI (3 (0874 '8, 9 8T'IT 061 901 0eel 8861
6'8¢ 0'8S¢C 8'¢C L0cE 1'81 6'CC 991, [ LLTT 9'LT ' or 0°L8I L3861
0°6- 091¢ 096 (OX30)7% 1'8% 809 8'LE, 199 LO6C 7'0¢ 88 OT11¢C 9861
966 0°LST L'8L- 6'LLT 0 ) €6, 89 8L°CI L'T1 'S 0 1IST G861
8’67 0°L8E 96 7oy 0°S¢C 9'1¢ 681, 9 78°9¢C (Y4 0111 0CItT 7861
Tse 0'0LE 6'8%- £96¢ 86 ¢l §og, 6Cy 68T 9'6¢¢ 0'Sel 09l €861
9'¢LI- 0687 0°¢6 7'80% S ¢Cl 96l §'8¢, A2 167¢¢e V'ivg 0101 0'col 861
06 0cel €91 L'8CT L9 '8 0°¢S L) ¥9°'1¢C 0°CC '8 0'8LI 1861
TI'6ll 66 8Pe- Ce8l 4 (&3 ¥ L) 98°LI celg 8V 0651 0861
698 0'10C (NG 9°S¥C 1Y L9 [t 9 €9°1¢C 0°CC L'LT 0¢8I 6L61
Le- 0'99¢ 8'CL 1'6€9 8'8¢C S9¢ 008 L'ey YCLT ['S€¢ 0'11¢C 0'0rc 8L61
9°L8 0'9LI 8vC 7'88C <L 1I'6 88 0 0C'ST €0¢¢ 09 0'6CC LL6I
9’1y 0Cly Ges 1'00% 801 Lel 0°6C 91y 29°0¢ 0°€Pe 0'cel 0081 9L61
8'L8 0°€0¢ 6'¢cl L0V 9'Ce 1y (Y4 6’1y S¥'Ce 6'¢Cc 9°6L 0v0¢C SL61
L'1¢Cl 091¢C €S ¥'68¢ 8C S'e 0¢C 89 L0T 66l GGy O TLIT YL61
6'8S 0'8LE 1'9¢- 800t 01 6'Cl (4 I'Cy 0v'9¢C [ 28 O°LLT 0°¢91 €L61
Ly 0°69¢ £'¢9 1'18¢ 891 [ e 49 0¢g 60°0¢ 81 0'€9¢C 0081 L6l

(s/h) (S/cw) (s/gH) (/W) (souou)  (s/eh) (s/H) (s/eW)

€ obeiols € € : € € [
MoIINO (s/ch) (s/-) Mmoj4 mo|4 disaig mo|4 mo|4 Mol
ur abueyo gease Apms /gH
W\Mw (0002£190) mmw_ww__ opisul 5 wa_ho._ﬂ””_w (0009gt90) deah
anpdwnsuoy  SIBIMS  aonesed  jowng  PIERYOD oo einquy  (0029€¥90)  (00S9Ev90) (8619€¥90) SIBPUNIY (o) 1o1em
Jonly ayoino4 Smoy} oBebu )oa19 )oa1) olep anoge Jeau JaAlY
P n
ayaino4 alleg Areinquy uelpu| 9sI0H EEY HEuED IR
1 D poomeNym  8yoinog
9|I°g aIeg

[uonendioaid ‘droaig ¢puooas 1ad 399 o1qnd ‘s/W]

panuiuo)—}oaloid 8yoino ajjeg Joj 196png Je1em Wolj paALsp sjemelpyim uonebill aAdwnsuod pajewsy  “Lg ajqel

Hydrologic Conditions and Budgets for the Black Hills of South Dakota, Through Water Year 1998

142



"€1 A[qE) Ut UAIS uonenby ‘00SSTHY() UOHEIS 1B MO[J YIIM UOISSAITAI U0 PIseq ALWNSS MO,

"€1 9[qe) Ul UdAIS uonenby "00SSTH90 UOTIRIS 1B MO[J YIIM UOISSAIZAI UO PISBQ 9JBWIISI MOy

‘uonendoald, L£¢T + 9582 = O :uonendioald yim uoissaISor UO paskq AJEWNS MO[

*"MO[JINO snurw 938103 Ur JUBYO SNUIW SMO[JUI Jo wns se payndwod as n,

*so[Iw arenbs (¢ Jo vare o3eurelp e 0y pardde ‘000890 PUR 000LEH90 Suonels SurSes uoamiaq eare SUTUSAIIUI JOJ P[OIA [BNUUER UO PIsEq JBWNSI MO[] ¢
‘st arenbs O¢yy Jo vaxe oFeuresp  0) parjdde ‘0008¢90 PUB 000LEF9( SUONEIS SUISES UGaMIaq LTE SUTUAAIAIUL IO P[OIA [ENUUE UO PIskq AJELWNSI MO,
“ureansdn o[ ¢ In0qe PAALIO] SEM YIIYM ‘O0SHEFI0 UOTEIS J0f $6-0S6T 10J SPI0IT MO[F SIPNIIU]

6'1L L'¥9C LT £'6ce 0°0C (Y4 el 9'C 10°6¢ 6'6C L9L 0991 UBIN
9'¢LI- ¥'LT 1201~ £'68 0 (0} ¢ ¢ 8L°CI L8 0'¢ L'69 wnwiuiA
867 0'¢CCl L'y 6'C61 9y 8¢ L 9 8CT'IC 96l L 0l SmuddIad yigT
9'L8 0°LTC 6C 9°0¢€ STl Syl a4\ 0¢C €9°¢C S§'6¢ 'Ly O TILT UBIPIIN
SOrT 0°0LE 8'¢C ((X30)4 8'8C S9¢ 9°6¢C [ LO'6C 6'8¢ 0811 0°L8I S[nuadxad g/
L'€91 0°€LL So¢CI 0°L8L L'€8 8°C01 008 el €00 I't9 0'81¢ 0°0¥¢C wnurxejn
9'CC 0'CSe 8¢l 7'88¢ €Ll 8'1¢C ¢og, 6Cy £8°6C 6'S¢ 0'9¢1 091 8661
0'1IST 0'C29 ovl 0°L8L 008 ¢'101 969, ['Cly LE'EE 1'09 011¢ 0'¢Sl L661
0°LS 0°€LL Ly €1IL 899 7’78 605, 98y 01'0¢ 9'0¢ 0'8I¢ 0cel 9661
796 0'1SS 88 0969 69 6'L8 8°6¢, LSy €0°0v I't9 0'9¢¢C O°LLT S661
9'0r1 0'19¢C ¢S £8Y¢e VLT L'vE 891, [ 9¢°1¢C [ 0'601 0°LTI 661
(s/cW)
(s/gh) obeI0)S (s/gh) (s/gh) (seyour)  (s/gh) (s/gh) (s/gh)
Mo|IN0 Am\mE (s/.1) Mmoj4 moj4 dioaud moj4 moj4 mol4
ur abueyo ease Apnis €
(s/gh) (s1gw) B ou  ZeRe Apms 1eok
,28N (0002£¥90) smojul pisul g  opsino (0009£90)
oandwnsuop  SIBINIS  nomesed jowng  POERYD oo einguy  (0029€v90)  (0059€¥90) (8619€v90) ABPUN () 1o1EM
JaAIY ayoino4 Smoy} pabebun NEE Tl )9a19 olep anoqe Jeau JaAly
o Arenqui Jeuedisjuj
yoino4 alleg uelpy asioH 39949 POOMaNYM ayoino4
9lieg 9|Ieg

[uoneydroard ‘dioaid ‘puodes 1ad 399§ o1qnd s/l

penunuon—iloslold 8yoino4 s|jag 10} 186pNg Ja1em Wol) PaALIBP S|EMBIPYLM uoieBbiul eAndwnsuod palewnsy  *LE ajgel

143

Supplemental Information - Table 31



	Hydrologic Conditions and Budgets for the Black Hills of South Dakota, Through Water Year 1998
	CONTENTS
	ABSTRACT
	INTRODUCTION
	Purpose and Scope
	Description of Study Area
	Physiography, Land Use, and Climate
	Figure 1. Area of investigation for the Black Hills Hydrology Study.
	Water Use
	Hydrogeology
	Figure 2. Stratigraphic section for the Black Hills.
	Figure 3. Distribution of hydrogeologic units in the Black Hills area (modified from Strobel and others, 1999).
	Figure 4. Geologic cross section A-A' (Location of section is shown in figure 3. Abbreviations for stratigraphic intervals are explained in figure 2.).
	Figure 5. Schematic showing simplified hydrogeologic setting of the Black Hills area. Schematic generally corresponds with geologic cross section shown in figure 4. Components considered for hydrologic budget of the Madison aquifer also are shown with inf


	Acknowledgments

	HYDROLOGIC PROCESSES AND CONDITIONS
	Hydrologic Processes
	Figure 6. Schematic diagram illustrating hydrologic processes.

	Precipitation Data and Patterns
	Figure 7. Isohyetal map showing distribution of average annual precipitation for Black Hills area, water years 1950-98 (from Carter, Driscoll, and Hamade, 2001).
	Figure 8. Distribution of monthly and annual precipitation for the study area, water years 1931-98.
	Figure 9. Mean monthly precipitation for study area and selected counties, water years 1931-98.
	Figure 10. Long-term trends in precipitation for the Black Hills area, water years 1931-98 (from Driscoll, Hamade, and Kenner, 2000).

	Ground-Water Response to Precipitation
	Table 1. Observations wells and cave site for which hydrographs are presented
	Figure 11. Location of observation wells and cave site for which hydrographs are presented.

	Streamflow Response to Precipitation
	Hydrogeologic Settings
	Figure 12. Streamflow-gaging stations used in analysis of streamflow characteristics, relative to hydrogeologic settings.
	Table 2. Summary of selected site information and flow characteristics for streamflow-gaging stations representative of hydrogeologic settings

	Figure 13. Duration curves of daily mean streamflow for basins representative of hydrogeologic settings.
	Figure 14. Mean monthly streamflow for basins representative of hydrogeologic settings.
	Figure 15. Distribution of annual yield for basins representative of hydrogeologic settings.

	Responses to Precipitation
	Long-Term Trends
	Relations Between Streamflow and Precipitation
	Figure 16. Long-term streamflow and precipitation trends for Battle, Castle, and Spearfish Creeks.
	Figure 17. Relations between streamflow and precipitation for limestone headwater basins.
	Figure 18. Relations between annual streamflow and precipitation for crystalline core basins.
	Figure 19. Relations between annual runoff efficiency and precipitation for crystalline core basins.
	Table 3. Summary of selected regression information for crystalline core basins

	Figure 20. Relations among selected variables derived from exponential and linear regression analyses for crystalline core basins.
	Figure 21. Coefficient of determination (R2) values for selected regressions of monthly streamflow for Battle Creek near Keystone (06404000).
	Figure 22. Relations between annual streamflow and precipitation for loss zone basins.
	Table 4. Summary of regression information for exterior basins

	Figure 23. Relations between annual streamflow and precipitation for artesian spring basins.
	Figure 24. Relations between annual streamflow and precipitation for exterior basins.
	Figure 25. Relations between annual runoff efficiency and precipitation for exterior basins.
	Figure 26. Relations between annual streamflow and precipitation for combination basins.
	Table 5. Hydrogeologic influences and multiple regression information for combination basins


	Annual Yield Characteristics
	Table 6. Summary of information used in analysis of yield characteristics

	Figure 27. Basin yields and yield efficiencies for selected streamflow-gaging stations. Basin yields are for periods of actual record, which are not consistent. Yield efficiencies are for water years 1950-98, extrapolated using precipitation records.
	Figure 28. Comparison between contributing surface-water areas and ground-water areas for gaging stations in Limestone Plateau area (modified from Jarrell, 2000). Streamflow in the basins shown generally is dominated by ground-water discharge of headwate
	Figure 29. Schematic diagram illustrating recharge and streamflow characteristics for selected outcrop types.
	Figure 30. Generalized average annual yield efficiency (in percent of annual precipitation), water years 1950-98 (modified from Carter, Driscoll, and Hamade, 2001).



	HYDROLOGIC BUDGETS
	Ground-Water Budgets
	Figure 31. Estimated annual yield potential for the Black Hills area, water years 1950-98 (from Carter, Driscoll, and Hamade, 2001). Average annual recharge from precipitation on outcrops of the Madison Limestone and Minnelusa Formation is shown as an ex
	Budget for Madison and Minnelusa Aquifers
	Table 7. Hydrologic budgets for Madison and Minnelusa aquifers for three budget scenarios

	Budgets for Other Bedrock Aquifers
	Table 8. Estimates of average precipitation, total yield, and evapotranspiration for the study area, water years 1950-98
	Table 9. Recharge factors and outcrop areas for bedrock aquifers
	Table 10. Average ground-water budgets for bedrock aquifers in study area, water years 1950-98


	Surface-Water Budgets
	Table 11. Average surface-water budgets for expanded area extending beyond study area, water years 1950-98
	Table 12. Average surface-water budgets for study area, water years 1950-98
	Figure 32. Streamflow-gaging stations used in surface-water budgets and mean flow rates, water years 1950-98.
	Table 13. Summary of linear regression information used for extending streamflow records
	Figure 33. Streamflow-gaging stations used for various water-budget purposes, relative to stations and area considered for surface-water budgets.
	Figure 34. Comparison of tributary flows to Cheyenne River (measured and estimated), for areas within and near Black Hills study area.

	Combined Ground- and Surface-Water Budgets
	Quantification of Combined Budgets
	Figure 35. Schematic diagram showing average hydrologic budget components for study area, water years 1950-98. All values in cubic feet per second.
	Streamflow Depletions and Consumptive Withdrawals
	Quantification of Depletions and Consumptive Withdrawals
	Figure 36. Schematic showing generalized average streamflow (water years 1950-98) relative to surface geology and depletions.
	Table 14. Estimated average flows bypassing Madison/Minnelusa loss zones for selected streams, water years 1950-98
	Table 15. Bureau of Reclamation (1998) estimates of reservoir evaporation and net consumptive irrigation demand, 1964-96
	Evaluation of Consumptive Withdrawal Estimates
	Table 16. Estimates of consumptive withdrawals for major irrigation areas
	Table 17. Statistics on mean flow for selected streams with irrigation withdrawals, water years 1950-98
	Figure 37. Estimated consumptive irrigation use for Rapid Creek, based on various estimates of tributary inflow. Tributary inflow is estimated as flow of Elk Creek at station 06425500 multiplied by a coefficient (0.3, 0.4, or 0.5).
	Figure 38. Distribution of estimated annual consumptive irrigation use for Belle Fourche Project area.


	General Evaluation of Budget Estimates

	SUMMARY
	REFERENCES
	SUPPLEMENTAL INFORMATION
	Figure 39. Precipitation departure and hydrographs for selected wells in Lawrence County.
	Figure 40. Precipitation departure and hydrographs for selected wells in Meade County.
	Figure 41. Precipitation departure and hydrographs for selected wells in Pennington County.
	Figure 42. Precipitation departure and hydrographs for selected wells in Custer County.
	Figure 43. Precipitation departure and hydrographs for selected wells in Fall River County.
	Figure 44. Relations between yield efficiency and precipitation for selected streamflow-gaging stations (modified from Carter, Driscoll, and Hamade, 2001).
	Table 18. Annual precipitation, in inches, and ranks for study area and counties within study area
	Table 19. Annual flow and precipitation data for limestone headwater basins
	Table 20. Annual flow and precipitation data for crystalline core basins
	Table 21. Annual flow and precipitation data for loss zone basins
	Table 22. Annual flow and precipitation data for artesian spring basins
	Table 23. Annual flow and precipitation data for exterior basins
	Table 24. Annual flow and precipitation data for combination basins
	Table 25. Monthly flow and precipitation data for Battle Creek near Keystone (06404000)
	Table 26. Detailed budget for Cheyenne River
	Table 27. Detailed budget for Belle Fourche River
	Table 28. Annual yield, in inches, for gages used in estimating tributary flows for areas treated as being outside of the study area boundary
	Table 29. Annual flows for water years 1983-98 for measured tributaries to the Cheyenne River
	Table 30. Calculated consumptive irrigation withdrawals for Rapid Creek, using various estimates of tributary inflow
	Table 31. Estimated consumptive irrigation withdrawals derived from water budget for Belle Fourche Project





